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Abstract 
State-of-the-art Solid Oxide Fuel Cells (SOFC) incorporate Ni-based ceramic-metal 
composite anodes that are unstable to redox (reduction-oxidation) cycling. Oxidation of 
the anode is likely to occur during operation and cause mechanical disruption of the 
cell. This study focuses on European SOFC technology, involving planar anode-
supported, electrolyte-supported and inert substrate-supported designs, with the main 
objective being understanding the underlying mechanisms of redox damage. A fracture 
mechanics model predicting damage due to Ni oxidation in the different designs was 
developed, showing the anode-supported design to be the most susceptible and the inert 
substrate-supported the most tolerant to redox damage respectively. Experiments on 
state-of-the-art Ni-YSZ anode supports revealed irreversible expansion strain with 
redox cycling, but no apparent damage was detected to the cermet. This irreversibility 
was attributed to changes in porosity — measured as an increase of —5 vol % in closed 
porosity in the first reduction-oxidation cycle — caused by the intrinsic features of 
oxidation of small Ni particles. On a cell level, failure of free-standing anode-supported 
cells was observed to occur by electrolyte cracking at —50 % oxidation of the Ni in the 
support, in good agreement with the model. In-situ electrochemical oxidation of similar 
cells however caused complete failure of the support at only —5 % oxidation. This more 
detrimental behaviour was attributed to non-uniform oxidation conditions, consistent 
with predictions of strength and fracture mechanics models. In contrast, inert substrate-
supported cells were found to be very redox tolerant, as predicted by the model, with no 
obvious degradation after 10 complete redox cycles. Finally, the improvement of redox 
tolerance by microstructural modification was investigated. A 16 wt % Ni / YSZ cermet 
prepared by Ni infiltration exhibited no detectable expansion on oxidation. Although 
this result is promising it is concluded that Ni-YSZ anode structures are not likely to 
provide a complete solution to the redox problem. 
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Introduction 
The subject of the present Thesis is the problem of "Redox Cycling of Solid Oxide Fuel 
Cells (SOFCs)", which is a major durability issue for many types of this energy 
conversion technology. Research on this topic was carried out as part of the EU 
Commission's Integrated Project Real-SOFC* , which was launched aiming to solve the 
major problems associated with the European planar SOFC technology. To this end, 26 
organisations were brought together, including SOFC industry and research institutions 
(Fig. 1-1) [1]. For the experimental studies of the Thesis there was close collaboration 
with 3 of the Project partners, namely Forschungszentrum Mich (FZJ), Energy 
research Centre of the Netherlands (ECN) and Rolls-Royce Fuel Cell Systems Ltd. 
(RRFCS). State-of-the-art samples provided by those organisations were tested with 
respect to redox (reduction-oxidation) behaviour, with the objective of modelling the 
underlying mechanism and contributing to its understanding. 
The root of the particular redox problem lies in the fact that SOFCs contain brittle 
materials, and hence are susceptible to damage due to dimensional changes. Such 
changes can be caused when the metal present — in our case Ni — undergoes redox 
cycles, which in turn are likely to occur in realistic operating conditions. 
A detailed description of the redox problem is presented in Chapter 4, along with a 
thorough review of the related published literature, on the findings of which the research 
carried out here was based. Before that, however, in Chapter 2 the present Energy-
Environment context is presented for any discussion about alternative energy 
conversion systems, such as SOFCs, to make sense. The basic feature of this concept is 
* Realising Reliable, Durable, Energy Efficient and Cost Effective SOFC Systems 
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Chapter 1 	 Introduction 
that as energy demand increases a reconsideration of fossil fuels use is required because 
of the negative impact on climate it seems to have caused. It is argued that SOFCs can 
be part of the solution. 
Fig. 1-1 Map with all 26 partners of the European Real-SOFC Project [1]. 
What is it, though, that SOFCs actually do? In Chapter 3 their operating principle, 
significant attributes and applications are described. Emphasis is placed on the design 
characteristics and technological details that are relevant to the configurations 
investigated as part of the Thesis. 
Having drawn an initial picture of what the redox problem of SOFCs constitutes and 
what the possible failure modes are, a mechanical model was developed that predicts —
in both a qualitative and quantitative way — the likely damage in the different planar 
SOFC configurations of interest. This is presented in Chapter 5. 
Regarding the experimental part of the study, the techniques used and procedures 
followed are described in Chapter 6. These include characterisation of standard 
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Chapter 1 	 Introduction 
materials properties (morphology, physical/mechanical properties) and electrochemical 
measurements and methods for performing controlled redox experiments. 
The following three Chapters — 7, 8 and 9 — include the results of the performed redox 
experiments. Chapter 7 deals with investigations on the Ni-based material of the SOFC 
that is used in state-of-the-art designs and in which the redox reaction of interest takes 
place. These are accompanied by redox studies on Ni particles in order to support the 
main findings and understand the fundamental mechanisms involved. 
The redox results on state-of-the-art SOFCs follow in Chapter 8. These are compared 
with the modelling predictions of Chapter 5. For the cases where a large deviation 
between the two was found, additional models of mechanical damage are developed and 
more phenomena are taken into account. 
The experience obtained by all these studies and the conclusions drawn helped to form a 
suggestion for a redox stable SOFC by using the same state-of-the-art materials, but 
altering the fabrication process and the resulting microstucture. Preliminary results of 
this promising concept are presented in Chapter 9. 
The Thesis closes finally (Chapter 10) with a summary of the theoretical and 
experimental studies' conclusions. With the redox cycling problem of SOFCs still being 
far from resolved, it is recognised that there is plenty more that can be done to tackle it 
and some general directions for possible beneficial results are suggested. 
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The Energy-Environment Context 
Introduction 
The rapid development of western societies since the industrial revolution has been 
greatly dependent on technological advancements and exploitation of natural energy 
resources — with no significant consideration of environmental consequences. It is 
becoming evident however, as our understanding of how we live and interact with our 
environment improves, that a reassessment of our approach to the energy-environment 
interaction is needed. 
It can easily be argued that the Energy-Environment problem constitutes one of the 
greatest challenges (if not the greatest challenge) of the 21St century. The fact that the 
health of our planet has been impaired because of human caused emissions is widely 
accepted. On the other hand, the Energy sector responsible for these emissions is the 
biggest business in the world (3 in the top 4 largest corporations for 2006 were from the 
Oil and Energy sector [1]). It is apparent that a problem of great significance has 
emerged in a highly complex modern reality. In the paragraphs that follow a brief 
description of the problem's dimensions is attempted along with the presentation of 
potential technological solutions. Fuel cells are introduced as a major player in this. 
Energy 
Modern world is an energy intense world. The more developed a country is, the more 
energy it tends to consume (Fig. 2-1). The world's power consumption is estimated to 
be ca. 15 TW and relies mainly on the use of fossil fuels (Fig. 2-2). It is 
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characterised by an increasing trend, even for the relative short time span of the last 3 
decades. Although projections for future consumption may vary and involve great 
uncertainties, an increasing trend is almost certain. On the one hand the established 
market economy is based on consumption-dependent development/growth. On the other 
hand the Earth's population increases in parallel with the aspiration of developing 
countries to reach the economies and lifestyles of the West. China is a typical example. 
She has the highest growth rate* and it is estimated that a completely 'westernised' 
China will almost double the current global energy consumption/production levels, even 
if the rest of the world's growth stands still [2]. 
Fig. 2-1 World map resized according to the fuel consumption of every country [3]. 
It is clear that great quantities of energy sources will be needed to cover the — already 
vast — power demand. The question has therefore been asked for quite sometime now: 
"what then when we run out of fossil fuels and how soon will this be? " 
The fact is that concern about fossil fuels is very strong today, with the difference that 
the question has been rephrased; it is more about "how can we limit fossil fuel use and 
ideally disengage from it as soon as possible?". Depletion of fossil fuels (and especially 
coal) is not expected to occur in the near future (very unlikely before the end of the 
century), considering also existing unexploited reserves [4,5]. Rather, it is the 
* As recorded by the growth in the Gross Domestic Product (GDP) in the 15 most populous countries of 
the world. 
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understanding of the negative impact fossil fuels have on the environment that sets the 
challenge and prompts for immediate action. 
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Fig. 2-2 World primary power consumption by source. Data obtained from the Energy 
Information Administration [6] and normalised in TW. 
Environment 
The greenhouse effect, global warming and CO2 are terms used on a daily basis on the 
media and in discussions, as it is realized that a climate change is taking place with very 
worrying consequences. It is widely accepted that human actions are mainly responsible 
for having impaired the environment and that something needs to be done. 
The greenhouse effect is an intrinsic property of the Earth's atmosphere. Solar energy 
heats the Earth, which in return radiates thermal energy back to space. Gases in the 
atmosphere (so-called greenhouse gases) absorb thermal energy from the surface and re-
emit both towards the Earth and space, helping to maintain a habitable temperature 
environment. If the greenhouse gas concentration increases so does the amount of 
`trapped' heat. Although water vapour is the principal greenhouse gas, of great interest 
in this discussion is CO2, which constitutes the main anthropogenic contributor [7]. 
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CO2 is the product of carbon combustion/oxidation and is emitted when fossil fuels are 
used (the major energy source as seen above). Its concentration in the atmosphere has 
increased from 280 ppm (1750) to 379 ppm (2005), while it had never exceeded 300 
ppm over the past 650,000 years. A sharp increase of its concentration since the 
industrial revolution is evident (Fig. 2-3), which is attributed mainly to fossil fuel use 
and secondly to land use [8]. 
Time (before 2005) 
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Fig. 2-3 Atmospheric concentrations of carbon dioxide over the last 10,000 years (and since 
1750, inset panel). Measurements are shown from ice cores (symbols with different colours for 
different studies) and atmospheric samples (red lines) [8]. 
Along with the CO2 concentration increase, the Earth's temperature has been observed 
to rise (0.13°C per decade over the last 50 years); what is widely known as global 
warming (Fig. 2-4). One would naturally enquire whether there is a relation between the 
two trends. In fact, extensive research over the past years has concluded, as published in 
the latest Intergovernmental Panel for Climate Change (IPCC) report, that "Most of the 
observed increase in globally averaged temperatures since the mid-20th century is very 
likely (above 90 % certainty) due to the observed increase in anthropogenic greenhouse 
gas concentrations" [8]. This is a very alarming conclusion coming from the leading 
authority on reviewing climate change studies, which is moreover often criticized for 
being conservative and not addressing environmental issues aggressively [9]. There is 
also of course a sceptical community arguing that a relation between global warming 
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and human activity cannot be justified, drawing attention to phenomena such as changes 
in solar irradiance. Arguments like these, so-called 'climate myths', have been answered 
extensively [10,11,12] (see also Fig. 2-4 for a comparison between anthropogenic and 
natural forcing models regarding the rise in temperature). The majority of experts back 
the IPPC conclusions and acknowledge the seriousness of the global warming issue. 
Europe 
Fig. 2-4 Comparison of observed continental- and global-scale changes (black line) in surface 
temperature with results simulated by climate models using anthropogenic (red shading) and 
natural (blue shading) forcings, including solar activity and volcanoes [8]. 
The most widely known effect of rising temperatures is the melting of ice and glaciers 
in the Poles and Greenland, resulting in sea level rise and posing threats to coastal 
regions. Furthermore, sea level is also rising due to the thermal expansion of the sea 
mass, increasing further the influence warming has. Most worrying are the hard-to- 
predict positive feedback effects that can be initiated. For example, as temperature 
increases, warmer air holds more water vapour, increasing in turn the greenhouse effect, 
or as the (white) ice melts, more dark mass (sea) is exposed, absorbing in turn more heat 
and accelerating the melting. Predictions can go as far as the shut down of the 'Gulf 
Stream', which although unlikely over the next 100 years, its consequences would be 
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dramatic (here is a case where global warming would actually cause cooling of the 
northern hemisphere) [7]. 
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Fig. 2-5 Key impacts as a function of increasing global average temperature change. The black 
lines link impacts, dotted arrows indicate impacts continuing with increasing temperature. The 
left hand side of text indicates approximate onset of a given impact [13]. 
I lowever, global warming consequences are expected in the first instance (as already 
experienced) to be in the form of intensification of extreme weather events (heat waves, 
droughts, hurricanes), challenging the living conditions of not only peoples but natural 
systems in general. Fig. 2-5 gives a summary of what the effects of a rising temperature 
can be. Although future projections can be highly uncertain, a further warming of 0.1°C 
per decade would be expected even if all greenhouse gas output were frozen at year 
2000 levels (the more realistic "business as usual" predictions speak about a 0.2°C 
increase per decade). 
Redox Cycling of Solid Oxide Fuel Cells 	 21 
Chapter 2 	 The Energy-Environment Context 
The fact that the planet is getting warmer is "unequivocal" [8], and it will probably 
continue to heat up in the near future. The fact that CO2 emissions have gone up in 
recent years is not questionable either. Researchers relate the two trends with 
remarkably high confidence and point to the anthropogenic effect of the use of fossil 
fuels. Whether there is a slight possibility that the whole 'global warming' issue has 
nothing to do with us, is just a risk humanity cannot afford to take. The climate changes 
are far too threatening to ignore, so much more so when there is a number of solutions 
that can be employed.t 
Technological solutions 
Research results indicate, as shown above, that climate change is dependent on our 
carbon emissions. The obvious solution would therefore be to decrease, or altogether 
eliminate, this kind of emissions. This could be achieved with more efficient use of 
fossil fuels or use of entirely different energy sources. The technological context of 
possible solutions is discussed here, with no claim however that this is necessarily a 
sufficient approach.* 
In terms of carbon free solutions, renewable energy technologies are very tempting. 
There is ample energy potential in solar radiation, wind, biomass and tidal and 
geothermal activity that can in theory provide sufficient energy to satisfy demand. The 
problem lies in the fact that we are still far from converting renewable energy efficiently 
enough. What is more, when the full cycle analysis of these processes is considered, the 
result might prove to be not much better than using conventional carbon technologies 
(see for example problems with use of bio-ethanol [14]). It is therefore evident that a 
transition to a fully 'renewable' world is not expected soon. 
As a result, several other hi-tech, or not so, suggestions have been brought forward. In 
the UK, for example, a replacement and expansion of the existing nuclear infrastructure 
is seriously considered, aiming at reducing CO2 emissions and meeting future energy 
demand (see the 2007 UK Department of Trade and Industry "Energy White Paper" 
t The argument presented here of a 'risk humanity cannot afford to take' was inspired by a talk given by 
Prof D. Nocera at Imperial College London on 25-01-2006. 
Significant socio-economic and political dimensions are recognised, but although hinted, their analysis 
does not form part of the present Thesis. 
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[15] and the EPSRd programme "Keeping the Nuclear Option Open" [16]). However, 
low popularity, safety issues and the unresolved problem of handling the nuclear waste 
pose restrictions. Carbon sequestration (or capture) has been proposed recently as a 
viable solution [17] — but it cannot be regarded as being sustainable. Finally, advanced 
solutions such as nuclear fusion, nano-tech solar cells and high-altitude wind turbines 
are also investigated (see [18] for an overview and likelihood of implementation). 
In order to find a common platform, or else an energy carrier, that will help the 
combined use of conventional/non-conventional fuels and technologies with increased 
flexibility, the concept of a 'hydrogen economy' has been proposed [19]. In this, 
hydrogen will constitute the main energy carrier, providing advantages such as carbon-
free stationary and mobile applications. Possible sources of H2 are hydrocarbons (fossil 
or from biomass) and water. The principal technology that converts hydrogen chemical 
energy efficiently to electricity is fuel cells, with great flexibility on the scale of 
required applications (see next Chapter). Nevertheless, the 'hydrogen economy' concept 
has received a lot of criticism too [20], with its viability and benefits challenged 
vigorously. Issues such as the low efficiency of water electrolysis and the lack of a 
hydrogen infrastructure have been raised. It is apparent therefore, yet again, that a 
transition to a dominant global 'hydrogen economy' is not expected in the near — if at all 
— future. 
It is widely accepted that the energy-environment problem has no easy answers. Pacala 
and Socolow [21] have produced a plan, proposing measures in seven sectors that can 
stabilise CO2 emissions to 2006 year levels for the next 50 years. Of great importance in 
this plan is the implementation of more efficient technologies and practices. This in 
itself is not fully addressing the issue though, as efficiency does not necessarily mean 
conservation [22]. If higher efficiency acts as a driving force for further 
production/consumption, there is no net benefit whatsoever, and the result may even be 
exactly the opposite to that intended (i.e. increase in carbon emissions) [23]. 
From the above complex context a couple of clear trends have emerged. It is all the 
more realised that no single proposal/solution can meet the demand for plentiful and 
clean energy supply. On the contrary, the implementation of all the above, and possibly 
a few more, will probably be required. Furthermore, a decentralised power supply 
The UK Engineering and Physical Sciences Research Council. 
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system, where specific solutions would be applied to specific local needs and 
environments, seems to be the way forward for an efficient and sustainable energy 
future. 
Fuels cells, as part of the solution, fit perfectly in this picture. Solid Oxide Fuel Cells in 
particular, with their high efficiency, low emissions and fuel flexibility, can operate 
with both conventional hydrocarbons and H2. They can thus be integrated in the present 
infrastructure and enable a smooth transition to a possible renewables dominant world, 
whether that would include H2 or other synthetic hydrocarbon fuels. 
Summary 
In this chapter the general energy-environment problem, in which the introduction of a 
technological solution such as fuel cells would make sense, was presented. On the one 
hand there is an ever increasing trend of energy demand, which is satisfied currently 
mainly by the use of fossil fuels. On the other hand, it is widely recognised that this 
particular use affects global temperatures and the balance of our ecosystem with very 
alarming consequences. 
The problem being so complex and of such large scale, it is highly unlikely that a single 
breakthrough or technology would provide the only solution. Rather a combination of 
measures, practices and technologies needs to be applied. Fuel cells, and in particular 
SOFCs, are one of these technological solutions. They are characterised by some unique 
advantages and their implementation is very promising. The details of the particular 
technology and its state-of-the-art status are the subject of the next chapter. 
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Solid Oxide Fuel Cells 
Introduction 
Fuel cells are devices that convert chemical energy directly to electricity by utilizing the 
simple configuration of anode-electrolyte-cathode, very much like conventional 
batteries, with the difference that the power generating force, in this case the fuel, is 
supplied externally. Although fuel cell technology is generally presented as a recent 
innovation, its origins date before the invention of the internal combustion engine, in the 
mid 19th century. C. F. Schoenbein and W. Grove are considered the fathers of the 
technology (the former is argued to have discovered the underlying electrochemical 
phenomenon). However, development of fuel cells was held back at that time as the use 
of natural sources (coal, crude oil) in combustion heat engines and steam turbine 
technologies had gained great momentum [1]. It was not until the 1960s that fuel cells 
were used extensively in NASA's Gemini and Apollo Space programmes [2]. The next 
significant stage in their development and application is the present time, driven by the 
challenges described in detail in the previous chapter. 
Several fuel cells designs have been developed, classified mainly according to the 
electrolyte material they use, and hence the different ion species they conduct, and their 
operating temperature (Fig. 3-1). Two specific types though, namely the Polymer 
Electrolyte Membrane Fuel Cell (PEMFC) and the Solid Oxide Fuel Cell (SOFC) seem 
to have prevailed. The latter, being the focus of the present Thesis, will be described in 
detail. Its main attributes are presented along with details of its operational 
characteristics and design/fabrication. The chapter closes with the areas in which 
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SOFCs can be applied and the main challenges they face, one of which is the redox 
cycling problem. 
 
load 
   
     
     
depleted fuel and 	 lepleted oxidant and 
product ciases out -41— 	 —III- product ciases out 
Fig. 3-1 Operating principle of various fuel cell types [3]. 
SOFC general 
SOFCs exhibit significant attributes when compared to conventional combustion 
technologies or even other types of fuel cells (Table 3-1) [4]. Of these, the aspects of 
fuel flexibility, less expensive components and fabrication techniques, higher electrical 
conversion efficiency and wide range of power applications are mainly those that make 
SOFCs more attractive a solution [5]. 
In Fig. 3-2 the simplest operational concept for an SOFC is illustrated. Indirect 
(electrochemical) oxidation of hydrogen takes place in a way that the reaction's electron 
exchange is performed via an external circuit which is used to produce power. The only 
by-products are water and heat. In state-of-the-art SOFCs the anode consists of a porous 
composite of Ni and oxygen ion conducting ceramics, usually yttria-stabilized zirconia 
(either with 3 mol % (3YSZ) or 8 mol % (8YSZ) yttria content), which is also the 
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respective electrolyte material (see Chapter 4 for details). In the cathode side one 
usually finds porous mixed oxide composites such as LSM*/YSZ. 
Table 3-1 Attributes of Solid Oxide Fuel Cells [4]. 
High efficiency 	 --> Demonstrated 47% (electrical conversion) 
-3 Achievable 55% (electrical conversion) 
--> Hybrid 65% 
—> CHP 80% 
Superior environmental performance 	—> No NOx 
—> Lower CO2 emissions 
—> Sequestration capable 
—> 	Quiet, no vibrations 
Co-generation - combined heat and 
power 
Fuel flexibility 
Size and siting flexibility 
Transportation and stationary 
applications 
—> 	High quality exhaust heat for heating, cooling, 
hybrid power generation, and industrial use 
—> 	Co-production of hydrogen with electricity 
—> 	Compatible with steam turbine, gas turbine, 
renewable technologies, and other heat engines 
for increased efficiency 
—> Low or high purity H2 
—> Liquefied natural gas 
—> Pipeline natural gas 
—> Coal synthesis gas 
—> Biogases 
—> Modularity permits wide range of system sizes 
—> Rapid siting for distributed power 
—> Watts to megawatts 
It is apparent that the technology for the required electrochemical oxidation of hydrogen 
is quite demanding in terms of material selection. To add to this complexity, as a result 
of research worldwide, several different geometries have been proposed for the 
realization of SOFCs. These mainly revolve around either a tubular or planar design, or 
even a combination of the two (Fig. 3-3). A fuel cell unit usually consists of a number 
of cells that form the so-called stack (Fig. 3-4). In this way, power production even in 
the order of MWatts can be achieved. As the present Thesis deals with the planar and 
integrated-planar configurations, no further mention to tubular SOFCs will be given. 
* La„Srl,Mn03  
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Fig. 3-2 Schematic of the SOFC concept illustrating the basic components and reactions taking 
place. 
Fig. 3-3 Different SOFC geometries: (a) tubular design from Siemens-Westinghouse [6], (b) 
typical planar design [7], (c) disk-planar design by Hexis [8] and (d) combination of tubular and 
planar (integrated planar) design by RRFCS (see below) [9]. 
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High temperature SOFC operation takes place usually in the range of 800-1000°C [10], 
whereas SOFCs that can operate at temperatures as low as 550°C have been developed 
recently [11]. The operational temperature in turn depends on yet another design 
characteristic of the cell, its main structural component. Usually one of the three basic 
layers (anode-electrolyte-cathode) forms the substrate/support on which the other 
functional layers are deposited/printed. There are also cases in which an extra ceramic 
or metal layer plays this role. A schematic of the different types with the respective 
characteristics is shown in Fig. 3-5. 
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Cathode: 300-1000 pm Cathode: 
	<50 pm 
	
Cathode: 	<50 pm 
Electrolyte: >100 pm 
	
Electrolyte: <20 pm 
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	Anode: 500-1500 pm 
	
Anode: 	50 pm Anode: 
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Support: 
	
1-2 mm 
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Fig. 3-5 Characteristics and operating temperatures of different types of planar SOFCs with 
classification based on the structural component (support). 
The fabrication of SOFCs usually involves several processing and firing steps. Fig. 3-6 
illustrates a typical fabrication sequence for the production of anode-supported cells at 
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FZJ. First the anode substrate is partially sintered at 1250°C and subsequent functional 
layers are deposited on it'. The anode functional layer (the true electrochemical anode) 
and electrolyte are deposited by vacuum slurry coating, whereas the cathode layers by 
wet powder spraying. An intermediate sintering step at 1400°C is required for the 
densification of the electrolyte [14,15]. For the stack assembly of cells of this type, 
bipolar plates are used as in the schematic shown in Fig. 3-3b. 
anode substrate 
anode 
functional layer electrolyte 
Fig. 3-6 Schematic of the fabrication process of SOFCs at FZJ [14]. 
cathode 	electrolyte 	 anode 	interconnect 
Fig. 3-7 Schematic of the different compartments configuration in the RRFCS IP-SOFC (left) 
and picture of the 30-cell module (right) [16,17]. 
For a description of anode substrate and functional layer see Chapter 4. 
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The RRFCS SOFC concept, on the other hand, which is a combination of tubular and 
planar geometry with the name Integrated-Planar SOFC (IP-SOFC), follows a 
completely different philosophy. The functional layers are screen printed on a support 
tube made of inert porous ceramic, in such a way that an array of cells connected in 
series is formed [16]. The basic unit is, therefore, not a single cell, but a two-sided flat 
tube with 15 cells on each side, the so-called module (Fig. 3-7). 
On fuel cell operation the electrodes (anode and cathode) exhibit polarization losses. 
These are classified as activation polarization, which is the voltage loss related to the 
reaction taking place, and concentration polarization, which is the loss related to mass 
transport. The electrode polarization and the ohmic polarization of the entire cell — i.e. 
the voltage loss due to electric resistance — constitute the total polarization [18]. This 
can be expressed as 
gtotal = Tla,act 	ria,con 	ric,act gc,con + '/ohmic 
	 (3.1) 
where the subscripts 'a' and 'c' denote anode and cathode and 'act' and 'con' activation 
and concentration respectively. Fig. 3-8a shows how these losses are represented in a 
typical current-voltage (I- V) curve [19]. Depending on the polarization of the cell, its 
voltage deviates from the open circuit voltage (OCV) value as the current density i 
(A/cm2) (determined by the current drawn over the effective cell area) increases. 
The fuel cell's polarization behaviour is commonly expressed by the area specific 
resistance (ASR), which can be estimated using the I-V curve. In fuel cells operating at 
high temperatures, such as SOFCs, one usually finds an I-V behaviour similar to Fig. 3-8b, 
where no significant activation polarization is evident in the beginning and there is a 
larger linear region [19]. The ASR is then taken to correspond mainly to the ohmic 
losses, and is commonly determined by the following slope 
ASR = 	C
O V — 0.7 	 (3.2) 
The 0.7 V voltage limit is set to avoid reaching the ca. 0.65 V equilibrium voltage of 
nickel oxidation (see Chapter 8). The ASR is generally found to be in the range of 0.2-0.3 
SZ cm2 at 800-850°C for anode-supported cells using Ni-YSZ anodes operating on 
hydrogen [20,21]. For the RRFCS design, in which the anode is very thin, the ASR is 
between 0.7 and 1.3 Q cm2 at 900°C, depending on the fuel gas composition [22]. 
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(b) for the case of SOFCs, depicting the slope used for the ASR calculation. 
SOFC applications and challenges 
The potential SOFC applications span a very wide range, which is moreover expanding 
constantly. In the 1980's the original concept conceived for SOFCs was to replace, or be 
combined with, centralised power stations [23]. Recently, with the realization of the 
advantages distributed power generation can offer, combined heat and power systems 
(CHP) have been proposed. The decrease in scale goes down to auxiliary power units 
for the automotive industry [24], domestic CHP [25] and even to electronics level for 
replacement of Li-ion batteries [26]. Nevertheless, kW CHP to MW systems (combined 
with gas turbines) are always at the forefront of development. Of recent interest is also 
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the integration of SOFCs in systems that operate with coal and utilise carbon capture 
technologies [27,28]. 
Although several pilot applications have exhibited promising results [29,30], a lot has 
yet to be done in order to bring the cost and durability of this technology to 
commercially viable figures. The durability problems can be divided into two broad 
categories: thermo-mechanical problems and chemical instability problems. The former 
relate to the generation of thermal gradients which become more an issue the higher the 
operating temperature and greater the volume of the SOFC system [31]. In the second 
category one meets problems like catalyst poisoning (from fuel impurities, such as 
sulphur, carbon due to hydrocarbon cracking [32,33]), components interaction [34] or 
stress generation due to non-desirable reactions such as oxidation. The redox problem, 
which is the subject of the present study, falls into this category. 
Summary 
Although fuel cell technology was conceived more than a century ago, it is in the 
present context that it provides a very attractive solution to the energy-environment 
problem. SOFCs, in particular, along with low emissions and high efficiency, offer fuel 
flexibility and a wide range of applications. Several different SOFC designs have been 
developed with different geometries and operational characteristics. These depend 
greatly on the thickness of the different cell layers and the selection of the structural 
(supporting) component. 
Despite the technology's advantages, mainstream commercial implementation is not yet 
a reality, due mainly to cost and durability related issues. The problem of redox cycling 
is one such durability issue that poses restrictions on system operation for many SOFC 
types. A thorough overview of this particular problem is presented in the following 
chapter. This is based on studies reported in the generally available published literature. 
References 
1. U. Bossel, The Birth of the Fuel Cell 1835-1845, European Fuel Cell Forum, 
Oberrohrdorf (2000). 
2. M. Warshay and P. R. Prokopius,1 Power Sources, 29, 193 (1990). 
3. S. A. Sherif, F. Barbir and T. N. Veziroglu, Solar Energy, 78, 647 (2005). 
Redox Cycling of Solid Oxide Fuel Cells 	 34 
Chapter 3 	 Solid Oxide Fuel Cells 
4. M.C. Williams, Fuel Cells, 7 , 78 (2007). 
5. P. Singh and N. Q. Minh, Int. J. Appl. Ceram. Technol., 1, 5 (2004). 
6. http://www.powergeneration.siemens.com/products-solutions-services/products-
packages/fuel-cells/principle-behind-technology/ (retrieved 23/09/07). 
7. http://www.iwe.uni-karlsruhe.de/english/sofc.php (retrieved 23/09/07). 
8. http ://www.hexis com/downloads/hexis_pro spekt_englisch_web 0605 .pdf 
(retreived14/08/07). 
9. http://www.rolls-royce.com/energy/tech/fuelcells.jsp (retrieved 14/08/07). 
10. S. C. Singhal and K. Kendall, High-temperature solid oxide fuel cells: 
fundamentals, design and applications, Elsevier Advanced Technology, Oxford 
(2003). 
11. P. Bance, N. P. Brandon, B. Girvan, P. Holbeche, S. O'Dea and B. C. H. Steele, 
J. Power Sources, 131, 86 (2004). 
12. http ://www.fz-j uelich.de/portal/datapool/pre s se/2004-06-08-S OF C-
brennstoffzelle 034.jpg (retrieved 14/08/07). 
13. http ://www.powergeneration. siemens . com/pro ducts-s olutions-servic es/pro ducts-
packages/fuel-cells/ (retrieved 14/08/07). 
14. W. Fischer, J. Malzbender, G. Blass and R.W. Steinbrech, J. Power Sources, 
150, 73 (2005). 
15. R. N. Basu, G. Blass, H. P. Buchkremer, D. Stover, F. Tietz, E. Wessel and I. C. 
Vinke, J. Eur. Ceram. Soc., 25, 463 (2005). 
16. F. J. Gardner, M. J. Day, N. P. Brandon, M. N. Pashley and M. Cassidy, J. 
Power Sources, 86, 122 (2000). 
17. http://www. sedb.com/edbcorp/sg/en_uk/index/in_the_news/publications/ 
singapore_investment5/singapore_investment4/rolls-royce_and_singapore.html 
(retrieved15-08-05). 
18. F. Zhao and A. V. Virkar, J. Power Sources, 141, 79 (2005). 
19. J. Larminie and A. Dicks, Fuel Cell Systems Explained, 1st ed., p.38, John Wiley 
& Sons, Chichester (2000). 
20. S. Koch, P. V. Hendriksen, M. Mogensen, N. Dekker, B. Rietveld, B. de Haart 
and F. Tietz, Proc. 6th  European SOFC Forum, M. Mogensen, Editor, p. 229, 
European SOFC Forum, Lucerne (2004). 
21. N. Christiansen, S. Kristensen, H. Holm-Larsen, P. H. Larsen, M. Mogensen, P. 
V. Hendriksen and S. Linderoth, Proc. Solid Oxide Fuel Cells VIII, S. C. 
Singhal and M. Dokiya, Editors, p. 105, The Electrochemical Society, Paris 
(2003). 
22. R. Cunningham, R. Collins and G. Saunders, Proc. 6th  European SOFC Forum, 
M. Mogensen, Editor, p. 309, European SOFC Forum, Lucerne (2004). 
23. S. C. Singhal, Solid State Ion., 135, 305 (2000). 
24. J. Lawrence and M. Boltze, J. Power Sources, 154, 479 (2006). 
Redox Cycling of Solid Oxide Fuel Cells 	 35 
Chapter 3 	 Solid Oxide Fuel Cells 
25. Fuel Cells Bulletin, 2007 (8), 1 (2007). 
26. J. Rupp, U. P. Muecke, D. Beckel, A. Bieberle-Hutter, A. Infortuna and L. J. 
Gauckler, Proc. Solid Oxide Fuel Cells X, K. Eguchi, J. Mizusaki, S. Singhal 
and H. Yokokawa, Editors, p. 887, The Electrochemical Society, Nara (2007). 
27. W. Surdoval, Proc. Solid Oxide Fuel Cells X, K. Eguchi, J. Mizusaki, S. Singhal 
and H. Yokokawa, Editors, p. 11, The Electrochemical Society, Nara (2007). 
28. N. Minh, Proc. Solid Oxide Fuel Cells X, K. Eguchi, J. Mizusaki, S. Singhal and 
H. Yokokawa, Editors, p. 887, The Electrochemical Society, Nara (2007). 
29. R. A. George, I Power Sources, 86, 134 (2000). 
30. B. Godfrey, K. Foger, R. Gillespie, R. Bolden and S. P. S. Badwal, I Power 
Sources, 86, 68 (2000). 
31. C.-K. Lin, T.-T. Chen, Y.-P. Chyou and L.-K. Chiang, I Power Sources, 164, 
238 (2007). 
32. Z. Cheng and M. Liu, Solid State Ionics, 178, 925 (2007). 
33. H. You, A. Abuliti, X. Ding and Y. Zhou, J. Power Sources, 165, 722 (2007). 
34. P. Batfalsky, V. A. C. Haanappel, J. Malzbender, N. H. Menzler, V. Shemet, I. 
C. Vinke and R. W. Steinbrech," Power Sources, 155, 128 (2006). 
Redox Cycling of Solid Oxide Fuel Cells 	 36 
4 
Redox Cycling Overview 
Introduction 
The presence of Ni in the SOFC's anode can cause dimensional instability under 
oxidising conditions, which is the root of the "redox cycling" problem. A SOFC unit is 
expected to go through several redox cycles when used on a long-term basis. As long as 
fuel is supplied to the anode, the anode is maintained in a reduced state and Ni is present 
as metallic Ni. However, if the fuel supply is interrupted (either intentionally or as the 
result of a fault) oxygen will continue to pass through the electrolyte, or the imperfect 
seals and other leakage paths, and oxidise the Ni to NiO. Oxidation of the anode can 
also occur if the fuel utilisation is too great causing the oxygen activity to rise above 
that for equilibrium between Ni and NiO. Based on their molar volumes (Table 4-1), the 
oxidation of Ni to Ni0 is accompanied by an increase of 69.9 % in solid volume and as 
a result the composite anode expands in dimensions. Subsequent restoration of the fuel 
will convert the Ni0 back to Ni, but the original state of the anode is not generally 
recovered (see later discussion). Thus the dimensional changes can be built up over 
many redox cycles. The dimensional changes generate internal stresses in the anode and 
stresses in the other cell components that can cause damage and loss in performance, or 
even complete loss of integrity. Although solutions for sustaining reducing conditions at 
all times are possible, these are often impractical or uneconomical [1,2]. Therefore, it is 
important to be able to understand the processes occurring during redox cycling of Ni-
based anodes in order to control the potential for damage to cells. 
This overview first describes the state-of-the-art Ni-based anodes and anode supports 
for SOFCs and then discusses the mechanisms for oxidation of Ni and reduction of NiO. 
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This is followed by a presentation of literature-derived experimental data for the 
oxidation/reduction of Ni-based anodes and the consequent reported effects on the 
anodes, cells and stacks. This is the background upon which the studies and 
experiments, presented in the following chapters, were designed. 
State-of-the-art anodes and anode substrates 
In state-of-the-art SOFCs that operate at temperatures between 800 and 950°C the most 
common anode is a porous Ni/YSZ composite. Nickel is a very good electronic current 
conductor and an excellent electro-catalyst for the electrochemical oxidation of 
hydrogen. Furthermore, it can catalyse effectively the steam reforming reaction of 
methane [3,4]. 
The use of YSZ (either 8YSZ or 3YSZ, with the former more frequent) in the anode 
serves several purposes. Pure nickel has a thermal expansion coefficient (TEC) of 16.9 
ppm Icl (average from 50-1000°C) whereas the TEC of YSZ is 10.5 ppm K-1 [5]. 
Therefore, addition of the electrolyte phase in the anode composite improves the TEC 
compatibility between the anode and electrolyte. Even more importantly, the YSZ 
particles in the anode provide a conductivity network for oxygen ions. In this way an 
extended region of three-phase boundary (TPB) is formed, where electrons, oxygen ions 
and the gas phase can meet and react [6]. Finally, not only does YSZ not react with Ni 
over a wide temperature range, but it also helps retain the dispersion of Ni and the 
porosity of the anode (it is well known that nickel tends to aggregate by sintering at 
typical SOFC temperatures [3,4]). 
The Ni/YSZ microstructure is different for the anode that performs the electrochemical 
function as opposed to the Ni/YSZ composite that may act as a current collector and/or 
support for the cell. For the functional anode, the goal is a fine microstructure with as 
large a TPB as possible and connectivity in both Ni and YSZ phases. The active depth 
of the functional anode is of the order of 5 to 10 },tm and typically layers 20 to 30 lam in 
thickness are used. When the composite is used as a support, the main requirements are 
mechanical strength, gas permeability, thermal expansion compatibility and electronic 
conductance. Anode supports are typically 0.3 to 2 mm thick and have a coarser 
structure than the functional anode. The anode support is usually coated with the 
functional anode layer to give a bilayer structure [4,6]. 
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The functional anode and anode support are usually fabricated by sintering a mixture of 
NiO and the ion-conducting oxide (e.g. YSZ) in air. On first operating the cell, the NiO 
is reduced to Ni by heating in the fuel stream. This can be regarded as the reduction 
component of the first redox cycle. It has been found that there is negligible change in 
the bulk dimensions when NiO/YSZ composites are reduced to the initial Ni/YSZ anode 
cermet. The decrease in solid volume appears as an increase in the volume fraction of 
porosity [7] as illustrated in Fig. 4-1. The solid line is calculated on the assumption of 
no change in bulk dimensions. This change in porosity has a large effect on mechanical 
properties and will be discussed later. 
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Fig. 4-1 Relationship between relative porosity of reduced anodes and initial porosity of the 
oxide composite before reduction (experimental and theoretical data) [7]. 
The electrical properties of the cermet are mainly controlled by the nickel content. The 
percolation threshold for conductivity is found to be —30 vol % Ni [4]. However, it 
depends on the porosity and pore size of the oxide composite as well as the size 
distribution and size of the NiO and YSZ powders. Thus the YSZ/NiO size ratio and the 
YSZ coarse/fine ratio affect the conductivity of the cermet [4]. A typical range of 
conductivity for an anode support (50 wt % Ni, —40% porosity) operating at 1000°C is 
300-400 S cm-1 [8]. 
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Oxidation of Ni and reduction of NiO 
Oxidation 
Oxidation of metals first involves the establishment of a continuous oxide film on the 
metal surface, which is then followed by film thickening. Thin films (typically less than 
0.1 pm in thickness) thicken by electric field driven ion migration through the oxide 
(Mott-Cabrera mechanism) whereas thicker films grow by ion diffusion through the 
oxide (Wagner mechanism) [9]. The kinetic equation for thin film growth is 
logarithmic, whereas for thick films growth is parabolic, X2 = kpt, where X is the oxide 
film thickness and kp is the parabolic rate constant. 
At the temperatures of interest for Ni-based anodes, it has been shown that the dominant 
mass-transport process in NiO film growth is the outward migration/diffusion of Ni ions 
along dislocations and grain boundaries in the NiO layer [9,10]. In this region the 
activation energy for k„ is 144±15 kJ mor l [10] and at a typical SOFC temperature of 
800°C kp 	4x10-11 cm2 s-1  [11] and hence 1 µin thickness of NiO is reached in 
approximately 4 minutes. Thus anode oxidation is potentially a fast process at these 
temperatures if the supply of oxygen is plentiful. The Wagner theory predicts that kp cc po2"; the 
oxide growth rate is thus reduced by lowering the oxygen activity by the presence of 
hydrogen. Therefore, in a real fuel failure fault condition, anode oxidation is likely to be 
much slower. 
Oxide film growth by outward metal ion transport leads to a potential problem of 
recession at the oxide/metal interface to maintain contact at that interface. When 
interface recession is inhibited (either by geometry or by impurities) then a comparable 
thickness of NiO is observed to grow by the inward transport of oxygen, probably as 
oxygen gas molecules permeating fissures in the oxide [12]. This is a particular issue for 
oxidation of small metal particles because the outward growing spherical shell of oxide 
is too rigid for the interface to recess. Oxidation of Ni rods has shown that the surface to 
volume ratio plays an important role, with a tendency towards greater void formation as 
the rods' radius decreases [13]. 
Oxidation of Ni particles of various sizes has been studied by Karmhag and Niklasson 
[14,15]. For large particles (150 µm) the parabolic rate constant ranged from 3 x10-14 cm2 s-1 at 
500°C to 5.2x10-10 cm2 s-1  at 1200°C, which is similar to that for bulk Ni [14,11]. 
Oxidation studies of small polycrystalline Ni particles (5 µm) were also carried out in 
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the temperature range 300-700°C [15]. The activation energy (144 kJ mo1-1) was found 
to be independent of the morphology and surface structure of the particles and again the 
parabolic rate constants (5x10-17 cm2 s-1 at 300°C and 5x10-12 cm2 s-1  at 700°C) fell 
within the range typical of bulk Ni oxidation. The oxidation kinetics of particles deviate 
from parabolic as the metal core becomes exhausted. 
Reduction 
The reduction of NiO particles (20 pm mean diameter) in H2 [16] begins with an 
induction period for the nucleation of metallic clusters which then grow into crystallites 
at an approximately linear rate. The reduction occurs at the interface between NiO and 
previously reduced porous Ni. (It is not controlled by diffusion through the NiO as is 
oxidation). At relatively low temperatures (200-600°C) the rate is controlled by the 
reaction at the Ni/NiO interface and has an activation energy of 85-90 kJ mo1-1  [16,17]. 
The rate is rapid. At 225°C a 20 111T1 NiO particle was reduced (> 90 % conversion) in 
20 min (20 % H2/N2) [16] and at 600°C a 500 1.un NiO particle was reduced in 30 min 
(32 % H2/N2) [17]. At temperatures above 600°C the kinetics become distorted by 
sintering of the porous Ni product layer which restricts access of gas to the Ni/NiO 
interface [17] . 
It has been found that addition of water vapour (2.2 vol %) to the hydrogen stream 
reduces the reduction rate and increases the induction (nucleation) period. The 
activation energy is increased to 126 kJ mo1-1  [16]. 
Redox of anodes and anode substrates 
The effect of redox on nickel-based anodes has been studied by testing bars, discs or 
powders fabricated with the appropriate composition. Changes of weight and 
volume/length are observed often followed by electrical characteristics and 
microstructure analysis. Usually techniques such as dilatometry, thermogravimetry and 
microscopy are used. In order to establish the redox conditions, various methodologies 
appear in the literature. For example, reduction and oxidation can be effected by 
supplying compositions of H2/C1-14/H20/inert gas and air/H20/inert gas respectively in 
moderate (500-600°C) or high (800-1000°C) temperatures for minutes or hours. 
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In the following paragraphs the reported results are summarised. There is some 
confusion in the literature regarding the volume fraction of phases in anodes. Here the 
convention adopted (which is the most common) is that the volume percentages of 
solids are with respect to total volume of solid phases and not total volume of the porous 
composite. Relationships between different measures of composition are given in Table 4-1. 
Table 4-1 Composition conversion for Ni/8YSZ composites. 
Wt % Ni0 Wt % N i Vol % Ni0 Vol % Ni 
10 8.03 8.95 5.47 
20 16.42 18.11 11.51 
30 25.19 27.49 18.24 
40 34.38 37.10 25.76 
50 44.00 46.94 34.23 
60 54.10 57.02 43.84 
70 64.71 67.36 54.84 
80 75.86 77.96 67.55 
90 87.61 88.84 82.41 
Data Mol wt Density (g cm-3) Molar volume (cm3) 
Ni 58.69 8.907 6.589 
NiO 74.69 6.67 11.198 
8YSZ 131.42 5.90 22.27 
Kinetics 
Although, as shown above, the redox kinetics and mechanism of NiO/Ni have been 
thoroughly studied, these results cannot be applied a priori to nickel-based SOFC 
anodes because of their composite structure. 
As described in the case of nickel redox kinetics, the approach is to determine the 
respective rate equation by fitting the experimental data (thickness of layer, amount of 
oxygen consumed or metal transformed vs. time) to a logarithmic, parabolic or linear 
kinetic equation. The logarithmic rate equation characterises reactions that are rather 
quick in the beginning and then slow down significantly. The parabolic equation better 
describes processes controlled by diffusion phenomena, while a linear expression 
implies that a surface or phase boundary process/reaction is the rate-determining 
mechanism [18]. 
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Tikekar et al. [19] performed redox experiments on fully dense rectangular bars (60 vol % 
NiO) with 10 % H2 in N2 and air in the temperature range of 600-800°C. They measured 
the reduced and re-oxidized layer thickness as a function of time and temperature in 
order to deduce the kinetics profile. A linear relation between time of contact and 
reduction layer thickness (up to 1 mm) was found indicating an interface-controlled 
mechanism (Fig. 4-2a). The reduction rate constant was thermally activated with 
activation energy of 94 kJ mol-1. This is consistent with the activation energy found for 
the reduction of single particles, albeit at a somewhat higher temperature range. 
For the re-oxidation, however, the kinetics were parabolic (Fig. 4-2b) and a diffusion-
controlled mechanism — namely that of oxygen through the pores — was suggested as the 
rate determining step. This was supported by the observations that the effective 
diffusion coefficient (-10-7 cm2 s-1) was independent of temperature for the range 
considered and that the oxidation was not uniform (preferentially from the exterior 
surface). 
On the other hand, according to Stathis et al. [20], the oxidation of the anode (56 wt % 
NiO) with air for the temperature range of 550-650°C is expressed by the logarithmic 
rate equation. The values recorded for the logarithmic rate constant were 16.4, 17.4 and 
244 mg/log(min) for the temperatures 550, 600 and 650°C respectively (Fig. 4-3). From 
Fig. 4-3 it can be seen that oxidation is essentially complete (reaction rate has become 
zero) in approximately 100 min at 650°C. Nickel diffusion through the growing NiO 
layer was suggested as the rate-determining step. This different behaviour is probably 
due to the higher porosity in these samples compared with those used by Tikekar [19]. 
In the case of oxidation with argon saturated with water vapour the kinetics appear more 
complicated. At early stages of oxidation gas diffusion in the pore structure (H20 in and 
H2 out) was rate-limiting and the oxidation was observed to be non-uniform (greater 
near the outside of the specimen). Only at a later stage, when the NiO layer on each 
particle was thicker, was diffusion of Ni through the NiO layer regarded as rate-
determining. 
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Fig. 4-2 Plots of the experimentally measured (a) reduced layer thickness of NiO-YSZ as a 
function of reduction time at various temperatures and (b) the square of the re-oxidized NiO-
YSZ layer thickness vs. time at 700°C [19]. 
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Fig. 4-3 NiO mass formed as a function of log(t) at the three-oxidation temperatures in air 
(direct logarithmic model). The regression lines are plotted for the three temperatures for a 
degree of oxidation from 30 % to 80 % [20]. 
In a later study [21] of cermet anodes (57 wt % NiO and dimensions 10x10x1 mm) it 
was again found that reduction follows the linear law whereas re-oxidation is parabolic, 
at low temperatures and for low degrees of conversion. However, at temperatures 
between 700 and 850°C divergence from parabolic kinetics was found. The activation 
energies reported were 78 kJ mori and 87 kJ mo1-1  for the reduction and re-oxidation 
respectively. The fact that the oxidation activation energy is somewhat lower than that 
observed for Ni (as particles or coupons) probably indicates partial rate control by gas 
transport in the restricted pore structure of the oxidising cermet. 
As far as a comparison of the redox kinetics between Ni/YSZ cermet and pure nickel 
powder is concerned it has been shown that temperature-programmed oxidation is 
accelerated and temperature-programmed reduction is retarded in the case of the cermet 
[22,23] (Fig. 4-4). 
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Fig. 4-4 Temperature programmed thermogravimetric redox kinetics of NiO powder and 
NiO/YSZ bulk ceramic. Left: reduction of Ni, right: oxidation of Ni to NiO [23]. 
Effects on structure and mechanical/electrical properties 
From relatively early studies it was observed that the re-oxidation of the reduced Ni 
anode does not bring it back to its original state. Single redox cycle experiments on 10 mm 
square anodes (56 wt % NiO) at 1000°C showed significant volume increase (3-9 %) 
from the initial NiO/YSZ condition when re-oxidation took place [24]. The sintered 
NiO/YSZ composite had a very fine distribution of nickel oxide on the zirconia. It was 
suggested that after reduction the nickel sintered and coalesced into a coarser network 
of larger particles. In this way, the local volume changes upon re-oxidation would be 
too great to be accommodated in the local porosity. 
Linear dimensional changes accompanying redox cycles have been studied by 
dilatometry and have been related to the composite's sintering temperatures and particle 
sizes [23]. In that study no length change was detected on initial reduction of NiO/SYSZ 
bulk ceramics (10x5x4 mm, 65 mol % or 51 wt % NiO), which was attributed to the 
stabilising role of the YSZ network. Oxidation was by oxygen leakage after cutting off 
the fuel supply. It was found that samples sintered below 1300°C exhibited better redox 
dimensional stability (Table 4-2), as did those with smaller initial NiO particles (Table 
4-3). Fig. 4-5 shows the microstructural effects of 4 redox cycles on samples sintered at 
1200°C and 1400°C. The cracks evident in the latter case were suggested to be caused 
by the material sintered at higher temperature having less porosity to accommodate the 
volume change on re-oxidation. 
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Table 4-2 Percentage length change .4///, of Ni0(0.5urn)/YSZ(0.2gm) bulk ceramics sintered at 
different temperature after successive redox cycles at 950°C [23]. 
Sintering temperature 1100°C 1150°C 1200°C 1300°C 1400°C 
After 1/2. redox cycle 0.1 0.2 0.1 0.4 0.6 
After 2/3 redox cycle 0.2 0.2 0.1 0.6 0.5 
After 3/4 redox cycle 0.3 0.4 0.2 0.6 0.6 
Total 0.6 0.8 0.4 1.6 1.7 
Table 4-3 Percentage length change A1/1, of NiO/YSZ samples sintered at 1300°C with different 
particle sizes after successive redox cycles at 950°C [23]. 
Particle size D50 [pm] NiO/BYSZ 0.5/0.2 0.5/0.8 1.4/0.2 
Ratio of particle size of NiO/YSZ 2.5 0.6 7.0 
After 1/2 redox cycle 0.4 0.6 0.8 
After 2/3 redox cycle 0.6 0.8 1.6 
After 3/4 redox cycle 0.5 1.2 2.2 
Total 1.5 2.6 4.6 
Waldbillig et al. [21] investigated the differences in redox behaviour between an anode 
substrate and an anode functional layer. For this they fabricated NiO/YSZ composite 
samples having "coarse" (57 wt % NiO) and "fine" (30, 35, 40 and 57 wt % NiO) 
microstructures to represent the two different layers. Dilatometry at 750°C revealed no 
significant volume changes during either the reduction or re-oxidation step of the 
specimens having the coarse structure. However, those having the fine microstructure 
increased in volume by between 0.9-2.5 % (Fig. 4-6) and cracked after re-oxidation. 
(This effect of fine structure appears to be inconsistent with the observations mentioned 
previously by Fouquet et al. [23]. The reasons for this are unclear and this point requires 
further investigation.) Cracking was more intense at 750°C than at 600°C. The authors 
suggested that the stable redox behaviour of the coarse-structured samples was 
somehow due to their larger pores. 
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Fig. 4-5 NiO (0.51,an)/YSZ (0.21.tm) bulk anode sample (58.7 wt. % NiO) sintered at (a) 1200°C 
and (b) 1400°C (oxidized). Left: before redox cycle, right: after passing through 4 redox cycles 
[23]. 
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Fig. 4-6 Re-oxidation dilatometry of fine-structured anodes (representative of the anode 
functional layer) compared with a coarse structured specimen (representative of the anode 
support) [21]. 
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Grahl-Madsen et al. [25] have presented results concerning the influence of redox 
cycles on the mechanical and electrical properties of 56 wt % NiO anode supports. The 
four point bending tests showed that the mean modulus of rupture before reduction was 
20.3 MPa and was only reduced slightly to 17.5 MPa on initial reduction. This suggests 
that the strength is mainly dependent on the YSZ network formed during sintering the 
composite at 1500°C. An almost linear relationship between conductivity at 25°C and 
reduction temperature was found, with the supports reduced at 1000°C having double 
the conductivity of those reduced at 800°C (Fig. 4-7). It was suggested that this was due 
to enhanced sintering of the Ni at the higher temperature forming a better-connected Ni 
network. However, the results also showed that the reduced conductivity of supports at 
low temperature could not be improved significantly by further heat treatment at a 
higher temperature. This suggests that the Ni network formation process involves 
simultaneous reduction and sintering and not reduction followed by sintering as separate 
processes. 
Fig. 4-7 Room temperature conductivity as a function of reduction temperature for Ni/YSZ 
supports [25]. 
A study of Ni/8YSZ (56 wt % NiO) samples with different geometries — bars (50x4x1.5 
mm and 25x7x1.5 mm) and discs (20.5 mm diameter x 1.2 mm thickness) — sintered at 
1400°C has been published by Stathis et al. [20]. They performed oxidation experiments 
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at several temperatures (550-950°C) with air or argon saturated at 80°C and 40°C with 
water vapour as oxidising gases. They found that as the oxidising temperature increases 
so does the macroscopic strain; giving values from 0.27 % at 650°C to 0.54 % at 800°C. 
Thus the higher the oxidation rate the larger was the observed bulk volume change, such 
that oxidation at 950°C caused spontaneous mechanical failure. This might indicate that 
there is some time-dependent stress relaxation (creep). Conversely, specimens oxidised 
in air below 650°C showed an increase of the bending strength, close to the value of the 
as-sintered NiO/8YSZ cermet (-110±10 MPa), when compared with the —77±10 MPa 
strength in the reduced state. This behaviour was attributed to the porosity reduction that 
the oxidation of Ni to NiO caused. In the case of oxidation with "wet" argon a major 
dependence of the oxidation rate on the water vapour pressure was found. At 950°C 
only 16 % of the Ni was converted to NiO at the lower water vapour pressure, compared 
with 76 % at the higher pressure (200 min oxidation time). However, almost all samples 
oxidised in water vapour were bent after oxidation, with those oxidised at the lowest 
water vapour pressure showing minor cracks and poor bending strength. These effects 
are believed to be due to the non-uniform oxidation that occurs in water vapour as a 
result of gas diffusion being rate-limiting under these conditions. 
Extensive redox studies have been reported by the fuel cell manufacturer Sulzer HEXIS. 
Early tests on anode substrates (0.8 mm thickness, 30 % non-uniform porosity and 
unspecified composition) showed gradual degradation in the mechanical and electrical 
properties for up to 5-7 redox cycles at 900°C [26]. A more detailed study [2], with 
redox (one cycle) expansion measurements on substrates at 800°C, revealed irreversible 
deformation (Fig. 4-8). Initial reduction (a-b-c in the figure) showed a contraction of 
approximately 0.15 %, followed by an expansion on oxidation (c-d-e) of approximately 
0.35 %. A second reduction (e-f) gave a contraction of approximately 0.25 % leaving a 
permanent irreversible elongation of approximately 0.1 %. Parametric studies of the 
effect of the substrate composition were performed comparing various fine/coarse (F/C) 
YSZ ratios, NiO particle sizes/content and sintering temperatures (Fig. 4-9). High NiO 
content gave high oxidation strain, but negligible irreversible strain. On the other hand, 
high F/C zirconia ratios showed very high values of both oxidation and irreversible 
strain. A high sintering temperature resulted in a rather rigid structure with hardly any 
reduction strain observed. They concluded that there is an optimum 
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composition/microstructure that needs to be achieved in order to minimise redox strain 
and mechanical degradation. 
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Fig. 4-8 Dilatometry of a typical anode support substrate during heating in air, initial reduction, 
re-oxidation, second reduction and cooling [2]. 
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Fig. 4-9 The effect of anode support composition and processing parameters on values of 
absolute (total) and irreversible redox expansions [2]. 
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Klemenso et al. [27] measured the redox expansion of different shapes of specimens 
characteristic of an anode support (bars) and an anode functional layer (laminated multi-
layers or rolls). They also investigated the effect of yttria content in the YSZ component 
of the anode (3YSZ and 8YSZ). They concluded that bar-shaped specimens gave the 
most reliable results and some of their results are reproduced in Table 4-4. They show 
that the different YSZ powders have a major influence on the redox stability; the 3YSZ 
powder giving significantly lower expansion. 
Table 4-4 Percentage length change AN, of NiO/YSZ bar specimens in redox cycling 
experiments at 1000°C showing the influence of yttria content in the YSZ [27]. 
Redox step 8YSZ 3YSZ 
1St reduction 0.00 0.00 
1st oxidation 1.19 0.35 
2nd reduction -0.22 -0.08 
2nd oxidation 2.44 0.70 
3rd reduction -0.24 -0.01 
3rd oxidation 2.13 0.67 
Total 5.30 1.63 
Anodes produced by thermal spraying have been reported to give promising results 
regarding redox stability [28]. During redox cycling it was found that conductivity 
slightly decreased after the first three cycles, possibly due to Ni particle agglomeration, 
but remained constant after the fourth cycle. 
Redox of cells and stacks 
From the above results, it can be deduced that although redox cycling of isolated anodes 
and anode substrates causes significant volume and microstructure changes, it does not 
necessarily lead to their failure. Nevertheless, when they are assembled in a fuel cell 
configuration, even minor changes in their dimensions may cause disruption of the cell. 
There are not many studies of redox behaviour of cells and stacks in the literature, but 
some general observations can be noted for the anode- and electrolyte-supported cells. 
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Anode-supported cells 
Anode-supported cells permit the use of a thin electrolyte, enabling lower electrolyte 
ohmic losses, but as the anode-like material is the dominant part, this kind of fuel cell is 
more susceptible to the unfavourable phenomena redox cycling causes. For example, 
Cassidy et al. [24] observed significant cracking of the electrolyte surface after a redox 
cycle of a half cell (i.e. electrolyte plus anode support). In cells the open circuit voltage 
(OCV) was reduced from 0.85 to 0.4 V and the cells had fractured into pieces when 
removed from the test rig. 
Li et al. [29] used profilometry to attempt to infer crack density from curvature changes 
on the electrolyte layer after redox cycling. They used 25.4 mm diameter half-cells 
consisting of a Ni-CGO (50 vol. % Ni) substrate and a CGO (cerium gadolinium oxide) 
electrolyte layer. Two different temperatures (1350 and 1400°C) were chosen for 
sintering the samples. Initial reduction caused the specimens to curve (convex towards 
the electrolyte) due to substrate shrinkage. When the samples were re-oxidised, they 
bent even further in the same direction. This behaviour is difficult to understand as the 
substrate is expected to expand upon oxidation, which would produce an opposite 
curvature in the electrolyte. 
Redox tests on Hexis cells with the anode support of 0.8 mm in thickness and 30 % 
porosity [26] left the substrate intact, but impaired both the electrolyte and cathode. In 
particular, after one redox cycle at 920°C the OCV was reduced from 990 mV to 800 mV 
initially, and finally stabilized at approximately 850 mV as a result of leakage. 
Microscopic analysis revealed cracks across the cell and only 65 % of the anode area 
was re-reduced on admitting fuel after the oxidation step. Cracks were found traversing 
the electrolyte and cathode layers and arresting at the anode. In the attempts that 
followed to optimize the substrate characteristics [2], the OCV drop of the 
corresponding cells after one redox cycle was, in almost all cases, greater than 100 mV. 
However, for the low ratio of fine to coarse YSZ and the high NiO fraction the 
respective values were 70 mV and 40 mV. Electron microscopy revealed that in these 
cells cracks were concentrated only at the periphery of the cell. The substrates of these 
cells had the compositions that exhibited the lowest irreversible oxidation strain in 
dilatometry and this parameter was suggested to be a major factor in controlling redox 
stability of anode-supported cells. 
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Other redox tests on a three-cell stack based on the Sulzer HEXIS design and fabricated 
by die cold pressing of the substrate and spray pyrolysis of the electrolyte have shown 
interesting results [30]. After a redox cycle at 800°C a rapid drop in OCV was noticed 
in two of the three cells. In the other cell the OCV was maintained and the ASR actually 
decreased from 0.78 to 0.67 s-2 cm2. This unexpected improvement was suggested to 
have occurred because the redox-stable cell had an anode/anode support with a coarser 
YSZ microstructure, which gave it poorer electrochemical behaviour but better redox 
stability. 
Malzbender et al. [31,32] observed that oxidation of anode-supported cells leads to 
cracking of the electrolyte. They also monitored how the curvature of the cells changed 
during the redox cycle. The results showed that for re-oxidation in air at 800°C the 
oxidation of the anode was not uniform and led to complicated stress distributions, but 
ultimately the electrolyte was cracked. They moreover observed that oxidation initially 
produced an expected change in curvature towards the electrolyte, but subsequently the 
change in curvature reversed. It was proposed that this could be explained by a local 
change in elastic modulus in the anode support (higher where oxidised) and this might 
also account for the unexpected results observed by Li et al. [29]. 
Waldbillig et al. [33] showed that loss in electrochemical performance caused by anode 
oxidation at 750°C was not catastrophic in their cells even when completely oxidised. 
This is probably due to the low oxidation strain of their anode supports [21]. The loss in 
performance increased with the extent of oxidation (Fig. 4-10) and the number of redox 
cycles. Electron microscopy revealed that the NiO after re-oxidation had become porous 
and had much smaller grain size. The loss in cell performance was attributed to limited 
(non-catastrophic) tensile cracking of the electrolyte. Waldbillig et al. [34] also report 
success in improving redox tolerance by using an anode functional layer with a graded 
Ni content and a second similar layer on the opposite face of the anode support to 
restrict ingress of oxygen from the gas phase. 
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Fig. 4-10 The effect of degree of oxidation on the performance of an anode-supported cell after 
reduction following the oxidation step [33]. 
Electrolyte-supported cells 
This type of fuel cell is expected to have better redox behaviour because the anode is 
not a structural component (see Chapter 5). Redox cycling studies of electrolyte-
supported cells at Sulzer-Hexis [1] in which Ni/YSZ anodes were deposited on 
commercially available electrolytes, showed only minor effects on the overall cell 
performance after redox cycling. 
Redox cycling of a typical electrolyte-supported cell (Ni/8YSZ anode) at 950°C showed 
an increase in polarisation resistance up to 18 % after the third cycle [23]. Muller et al. 
[35] studied redox cycling of electrolyte-supported cells with a patterned, discontinuous 
anode overlaid with a continuous current collector; both layers being Ni/YSZ cermet. 
The cells were redox cycled at 950°C by interrupting the fuel supply for 30 min. The 
patterned layer reduced the degradation per cycle (as measured by the increase in cell 
polarisation resistance) by approximately a factor of 3 (Fig. 4-11). 
Redox Cycling of Solid Oxide Fuel Cells 	 55 
5 6 
- A-  patterned anode 
—v— patterned anode + slurry 
—4— patterned anode + cermet 
70 
60 
50 
40 
2-
a 
30 
cc a 
20 
10 
2 	3 	4 
Chapter 4 	 Redox Cycling Overview 
Number of Redox Cycles 
Fig. 4-11 Increase of polarisation resistance with redox cycles of an electrolyte-supported cell 
having different anode types [35]. 
Summary 
Redox cycling damage is a major issue for SOFCs employing Ni-based anodes. Several 
studies have been reported in which the dimensional changes of Ni-YSZ composites 
typical of anodes have been monitored by dilatometry. These all show expansion on 
complete oxidation of the order of 1 %, but the actual values vary substantially between 
different investigations. The reasons for this are not clear, but the investigations 
variously reveal that the oxidation strain is sensitive to: Ni content, ratio of NiO and 
YSZ particle sizes, yttria content of YSZ, porosity, sintering temperature, oxidation 
temperature and oxidation environment. Therefore it is not surprising that there is so 
much variability in the reported results. 
The consequence is that contradictory strategies to reduce anode expansion are 
suggested. For example, the results of Fouquet et al. [23] suggest that a low sintering 
temperature will result in a low oxidation expansion. On the other hand, Klemenser et al. 
[27] suggest that a strong YSZ network, to resist the expansion when Ni transforms to 
NiO, is required and hence a high sintering temperature is preferable. 
Nevertheless, it is established that there is an oxidation expansion strain for the cermet, 
which has also been quantified. Of great technological interest is therefore to 
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model/predict the mechanical effect of oxidation in the different SOFC designs. To this 
end, a mechanical model was developed and is presented next. 
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Mechanical Modelling of Redox Damage  
Introduction 
In this section modelling of the damage due to the anode's expansion strain is presented. 
This is based on brittle fracture analysis, as the SOFC components of interest are of 
ceramic-cermet nature. Bulk strength in this kind of material has proven to be orders of 
magnitude lower than the theoretical (chemical bonds) strength [1]. Early work by 
Griffith [2] showed strong dependence of failure on material imperfections (defects, 
scratches, cracks), suggesting instead of a "maximum stress" criterion, one based on 
energy balance. For a crack to propagate (increase its surface area) increase of the 
corresponding surface energy is required, which can be achieved either by applied 
external work or release of stored elastic energy [3]. For a simplified approach to the 
stress-crack extension problem three fundamental loading 'modes' have been proposed 
by Irwin [4] and have since been established in studying fracture mechanics (Fig. 5-1). 
These are the opening mode (I), the in plane shear mode (II) and the out-of-plane shear 
mode (III). The mechanical analysis presented throughout the Thesis is based on mode I 
failure. 
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Mode I Mode II 
	
Mode III 
Fig. 5-1 Loading modes for fracture: tension normal to the crack plane (I), shear loading in 
crack direction (II), out-of-plane shear loading (III) [5,6]. 
The planar SOFC configurations investigated are typical multilayered systems in which 
films are supported by thicker substrates. Systems like these have been studied 
extensively [7], with the case of channel cracking of a pre-tensioned film being a typical 
example (Fig. 5-2). 
Fig. 5-2 Channel cracking through a pre-tensioned film on a semi-infinite substrate. 
The crack rests on the film/semi-infinite substrate interface, but runs parallel to it. This 
essentially constitutes a 3-D problem, which however can be simplified under certain 
conditions. It has been shown that when the crack length reaches a few times the film 
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thickness, a steady-state crack extension is established, where the crack front and wake 
maintain their shape and opening respectively. At steady state therefore the energy 
release rate can be estimated by reducing the 3-D problem to two plane strain problems. 
One describing the stress state far ahead of the crack front and one at the wake far 
behind the crack front (Fig. 5-3) [8]. 
Fig. 5-3 The two plane-strain problems for steady-state channel cracking with (a) the state far 
ahead the crack front and (b) far behind it [8]. 
The strain energy difference between the two, AE, must equal the mode I stored elastic 
energy release rate GI, giving 
1 
AF= 
2
— cro r 5(y)dy = r G, (y)dy (5.1) 
where oo  is the uniform stress applied to the film, h the film thickness and 5(y) the 
opening displacement of the plane strain crack. Beuth [9] has introduced and tabulated 
the dimensionless quantity 
g(a , 13) = (5.2) 
as a function of the Dundurs parameters a, 13 which describe the elastic properties 
mismatch of the two layers (subscript ' 1' for the film and '2' for the substrate) 
a— E,,i — E2 , # = P1 (1  - 21/2 ) - P2 (1 - 21/1 )  
Ei +E2 	2111 (1  - V2 ) ± 2P2 (1 - VI ) 
(5.3) 
where E = E/(1-11) is the effective elastic modulus for plane strain conditions and v, it 
are the Poisson's ratio and shear modulus respectively. 
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At steady state G1 = Gss  = constant along the crack front, so Eqs. 5.1-2 give 
G„ = 1 (7°,2h 7rg(a,fl) 
2 E1  
(5.4) 
Eq. 5.4 constitutes an expression which relates the release of stored elastic energy to the 
thickness of the film and the mechanical properties of the system studied. The steady 
state crack extension, however, is a necessary, but not sufficient condition for failure. 
The second necessary condition is that a flaw of sufficient size exists to nucleate the 
crack in the steady state regime. This second condition can lead to statistical variability 
in the failure. Since this second condition is ignored here (i.e. it is assumed a large 
enough flaw is always present), this approach does not predict any statistical variability 
in the failures. Failure criteria based on Eq. 5.4 and similarly derived ones are used 
below for the prediction of redox caused damage in different designs, namely anode-
supported, electrolyte-supported and inert substrate-supported. It is recognised that 
these models do not take all the phenomena into account, but they provide a framework 
on which to gain an initial understanding of the issues. 
Mechanical Model 
General considerations/assumptions 
The cell structure in a working SOFC stack is subject to mechanical loads from a 
variety of sources, many of which depend on the details of the cell and stack design. For 
example, the interconnectors and bipolar plates will impose strains that depend on their 
thermal expansion coefficients and the compliance of constraints imposed by seals. In 
addition the cell layers are likely to be under residual stress resulting from cooling from 
the manufacturing process and initial reduction of the anode. Whether these persist at 
the operating temperature, or are gradually relaxed by creep is not known. For example, 
Fischer et al. [10] report compressive stress of 520 MPa in the electrolyte of anode-
supported cells at room temperature reducing to 230 MPa at 800°C. Furthermore, a real 
cell will not be isothermal and this will generate additional stresses. Finally, in the event 
of a fuel supply failure the oxidation of the anode will occur under conditions different 
from those of oxidation in air. These complications are ignored in the model and all 
stresses are assumed mainly to be zero at the start of the first oxidation step (if they are 
known they can be added to the stresses from the model). The model is based on ones 
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that were used previously to assess the mechanical stability of non-stoichiometric oxide 
membranes under differential oxygen activity [11]. To simplify the analysis even further 
it is assumed that the cell is planar, that it is unconstrained at its periphery and that it is 
constrained to remain flat. If the cell is allowed to bend, the analysis becomes more 
complicated. However, observations of changes in curvature can give useful 
information regarding the contributions to stress generation and relief. For example, 
Malzbender et al. [12] used curvature measurements to study redox processes in anode-
supported cells (without cathodes). The results show that oxidation of the anode support 
is not uniform, but proceeds inward from the side opposite the electrolyte. The results 
also imply that the denser anode functional layer has a large influence on the stress in 
the electrolyte if the cell is allowed to bend. 
Key parameters in the analysis are the stress-free strain of the anode on oxidation, eox, 
and the elastic modulus of the anode in its oxidised state, Ea. The results surveyed in 
this Thesis indicate that these not only depend upon the detailed composition and 
microstructure of the anode, but also on the number of redox cycles that the anode has 
suffered and the time it has spent at the operating temperature and redox conditions. In 
the models outlined below illustrative values for mechanical properties of materials are 
used to produce quantitative failure criteria (Table 5-1 [13,14,15,16,17]). However, in 
view of the simplifications discussed above, the results should not be regarded as highly 
accurate predictions of failure, but rather they serve to assess the relative ability of 
different configurations to resist redox damage. 
The three characteristic cell configurations studied are: anode-supported, electrolyte-
supported, and inert substrate-supported. For even greater simplification it is assumed 
that the dominant structural layer in each configuration is perfectly rigid and suffers 
zero elastic strain. The driving force for failure is the release of elastic energy stored 
within the stresses in the system induced by the tendency of the anode to expand on 
oxidation. 
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Table 5-1 Typical mechanical properties for SOFC materials (at room temperature unless stated 
otherwise). vp denotes the porosity volume fraction. 
8YSZ 	 LSM/YSZ 	NiO/YSZ 	 Ni/YSZ 3YSZ electrolyte electrolyte cathode 	oxidised anode anode 
E (GPa) 
Go (J m-2) 
157 [13] 	 35  178 (900°C) [17] 	 50 (vp=40°/0) [16] (900°C) (vp=33%) 	95 (vp=24%) [16] 
0.313[14] N/A 	0.25 [15] 	0.3 [15] 	 N/A (900°C) 
6.7 [13] 	650 N/A 	18 (vp=24%) [16] 	105 (vp=40%) [16] (900`C) 	100 (800°C) [14] 
Anode-supported configuration 
In the anode-supported configuration the macroscopic stress in the anode is low since 
this is the largest component in the structure. (However, short-range internal stresses 
can be high due to the local expansion as Ni is converted to NiO. These may cause 
internal damage to the support) The anode expansion imposes a tensile strain equal to 
SOX on the electrolyte and cathode. The failure mode will be by cracking through the 
cathode and/or electrolyte layers and/or delamination at the anode/electrolyte interface. 
Of these, the most significant for the cell is electrolyte cracking, since a through-crack 
would result in fuel leaking to the air-side (Fig. 5-4). 
Fig. 5-4 Stresses induced on anode-supported cells on oxidation (left) and most 
likely/significant failure mode (right). 
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As seen above, for the case of a single layer on a thick substrate the following criterion 
is used 
0-
2 h 
G1 = co 	> Glc 
E 
where o- is the stress in the electrolyte, w is a geometric constant and h the electrolyte 
thickness. Failure occurs when the release of stored elastic energy, GI, is sufficient to 
overcome the fracture toughness, G1c, of the material in the layer being considered. For 
a stiff layer on a compliant substrate a typical value for w is it [9]. 
Hence, for a given anode oxidation strain (a = e0xEI(1-v)), the electrolyte will crack if it 
is thicker than a critical thickness, h,. Alternatively, for a given electrolyte thickness, it 
will crack if the oxidation strain is greater than a critical value. This ignores the effect of 
the cathode, which is expected to be small because it has a lower modulus and therefore 
lower stored energy. 
Substituting some typical values for the mechanical properties from Table 5-1, an 
oxidation strain of 1 % gives an extremely high electrolyte tensile stress of 2.2 GPa and 
a correspondingly small critical electrolyte thickness of only 0.074 p.m. Therefore, 
electrolyte fracture cannot be prevented by reducing the electrolyte thickness, because 
such a thin, and at the same time dense, electrolyte is not technically feasible. However, 
the critical thickness is inversely proportional to the square of the oxidation strain. 
Therefore, if e,„ is reduced to 0.1 % then the critical thickness becomes 7.4 !Am, which 
is approaching the lower bound of thickness of supported electrolyte layers. A residual 
stress in the electrolyte of 230 MPa [10] increases the maximum tolerable oxidation 
strain to 0.25 %. If the anode support has a large strain for complete oxidation, this 
means that only a small degree of oxidation can be tolerated before the electrolyte 
becomes unstable. 
The severity of the damage to the electrolyte, measured by the crack density, depends 
on the margin by which the critical condition is exceeded and the mechanism of stress 
relief in the vicinity of a through crack [18]. For example, in the case of elastic 
relaxation (no delamination) then the crack spacing 
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and therefore extensive electrolyte damage might not be apparent until h > 2 h,. 
Electrolyte-supported configuration 
In this geometry the electrolyte is the most rigid layer in the laminated structure and 
therefore the anode oxidation strain must be accommodated by the anode itself, which 
places the anode in compression. In this case the failure mode will be delamination of 
the anode from the electrolyte (Fig. 5-5). The criterion for delamination of a single layer 
in compression is more complicated than for cracking in tension because an interfacial 
tensile traction must first be generated. This can arise at a free edge or by generation of 
a buckle above an interfacial defect. The total elastic energy (per unit area) stored 
within the anode (equibiaxial stress) is o2h(1- v)/E. 
buckling 
Fig. 5-5 Stresses induced on electrolyte-supported cells on oxidation (left) and most likely 
failure modes (right). 
For edge-initiated delamination the strain energy release rate again depends in a 
complicated manner on the elastic mismatch between the layer and the substrate [19]. 
(Strictly, this analysis applies only to tensile residual stress in the film.) For the simple 
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case where the substrate and film have the same elastic properties the asymptotic 
(steady state) energy release rate is [20,21] 
0.2h  
G= 	 
2E 
This represents release of all the stored energy for plane strain crack propagation. The 
energy release rate reaches 90 % of the asymptotic value for an interfacial defect with 
size approximately 5h [20]. Using the lower value of 55 GPa for the Young's modulus 
of the oxidised anode (Table 5-1) the stress in the anode for an oxidation strain of 1 % is 
660 MPa compressive. For an anode thickness of 10 pm the strain energy release rate is 
then approximately 38 J 111-2 (the total stored energy for the same parameters is 66 Jm-2). 
For delamination this has to be greater than the fracture toughness of the interface, G1. 
There are no data available for G,, but an approximate value of 10 J m2 can be used, 
lying between the single material values of 8YSZ and NiO/YSZ presented in Table 5-1. 
This predicts that delamination is likely if the anode thickness exceeds approximately 
2.6 pm. Alternatively, if the anode thickness is 10 p.m then an oxidation strain of 0.5 % 
can be tolerated. 
For delamination by buckling, a buckle will be formed when the film stress exceeds the 
buckling stress 
ic 2 t(h )2 
crb — 3 	a 
where a is the size of an initial interfacial defect. Thus buckling is more difficult for 
thick and stiff films and small initial delamination defects. For an anode stress of 660 
MPa, h/a for buckling is 0.06. Therefore an anode thickness of 10 p.m buckling requires 
an initial delamination of 170 pm in size. 
The energy release rate for delamination by sideways extension of the buckle is [20] 
G= 	(1 al) ( 1+ 3ab 
2E 	7 a  
Thus the energy release rate depends on how much bigger the film stress is compared 
with the buckling stress. In the limit of a >> ab, the energy release rate for an anode 
thickness of 10 pm is 38 J m2, as for edge initiated delamination. Hence it can be 
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concluded that the electrolyte-supported configuration is less susceptible to redox 
damage than the anode-supported. 
Inert substrate-supported configuration 
In this case the comparative rigidity of the inert support again forces the anode to 
accommodate its oxidation strain. This places the anode layer in compression, but the 
other layers are stress-free. The situation is therefore similar to that of the electrolyte-
supported configuration and delamination at the anode/support interface is the 
anticipated failure mode (Fig. 5-6). The new features here are that the electrolyte and 
cathode layers will both make buckling more difficult and also reduce the amount of 
stored energy that is released (this is because some energy is retained in the delaminated 
anode/electrolyte/cathode multilayer as it bends due to its asymmetry). 
inert support 
oxidation 
Fig. 5-6 Stresses induced on inert substrate-supported cells on oxidation (left) and most likely 
failure mode (right). 
The delamination can again be initiated at an edge or by formation of a buckle. In the 
case of edge initiation the condition for delamination is [22] 
10- 
G= 	 
2E il k (5.10) 
where the summation is over the layers above the delaminating interface. Substituting 
elastic property values from Table 5-1, and assuming anode, electrolyte and cathode 
each have a thickness of 10 1.tm then an oxidation strain of 1 % gives an energy release 
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rate of 8.2 J I/1-2. Thus this indicates that an oxidation strain of this magnitude can just 
be tolerated without delamination. This result shows that the inert substrate-supported 
configuration is expected to be more resistant to redox cycling than the others. 
Summary 
A mechanical elastic analysis of the damage that is likely to be caused by anode 
expansion shows that for a typical anode-supported cell the oxidation expansion should 
be below about 0.1-0.25 % (depending on the residual stresses in the electrolyte) to 
avoid tensile cracking of the electrolyte. For electrolyte-supported cells, the failure 
mode is likely to be compressive delamination (spalling) of the anode from the 
electrolyte. This failure mode can be initiated at an edge or by buckling. For a 10 pin 
thick anode an oxidation strain of up to 0.5 % can probably be tolerated. The inert 
substrate-supported design is also likely to fail by compressive delamination, this time 
at the interface between the anode and substrate. However, in this case the delamination 
is more difficult to initiate and propagate because of the restraint of the cell 
components. The result is that this design should be able to survive oxidation strains of 
up to 1 % for an anode thickness of 10 pm. The results obtained for all three types of 
cells are summarized in Fig. 5-7. 
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Fig. 5-7 Estimated maximum tolerable anode oxidation strain for different types of SOFCs. The 
filling patterns of the bars correspond to the most likely failure mechanism(s). 
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In order to validate the modelling predictions and take the redox problem studies - as 
presented in the previous chapter - further, a series of experiments was designed and 
performed. A combination of techniques and experimental setups was used, the 
description of which is the subject of the next chapter. 
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Introduction 
The approach chosen for the core of the experimental redox studies included both 
investigations on state-of-the-art Ni-YSZ composites, as well as on cells and short 
stacks. The specimens/samples used and the techniques employed for the 
characterization of their redox behaviour are presented here. Porosity/density 
measurements and microscopy investigations were performed as part of the standard 
material characterization. Use of thermomechanical techniques such as, dilatometry, 
thermogravimetry, four-point bending and impulse excitation of vibration expanded 
further the range of data. On a cell level, electrochemical testing was performed and 
various methods of in-situ oxidation were examined. Details of custom-made samples 
and non-standard experiments can be found in the respective results chapters that 
follow. 
Samples 
The anode-supported cells tested were provided by FZJ and ECN and the inert 
substrate-supported short modules by RRFCS. Their respective dimensions are shown in 
Table 6-1. The FZJ and ECN cells (Fig. 6-1), although both of the anode-supported 
type, exhibit considerable difference in the anode substrate thickness (Fig. 6-2). 
Substrates used in the FZJ cells were also supplied for the characterization of their 
redox behaviour. Their composition was determined at 56 wt % NiO / 44 wt % SYSZ, 
by monitoring weight changes upon reduction of the respective NiO to Ni and 
comparing with the theoretical molecular weights. From the initial analysis performed 
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it was concluded that some of them were only partially sintered. Therefore, these were 
additionally sintered for 5 h at 1400°C, in accordance with the FZJ cell manufacturing 
procedure (see Chapter 3), to bring them to the same condition as they would be in a 
complete cell. 
Table 6-1 Dimensions of the FZJ, ECN and R-R cells. 
Cell dimensions (mm) 	 Layer thickness (pm) 
Length 	Width 	Height 	Anode (substrate and AFL) Electrolyte Cathode 
FZJ 50 50 1.5 1500 8 67 
ECN 50 50 0.6 565 5 30 
R-R* 57 8 <50 <50 <50 
Omm 
Fig. 6-1 The received FZJ and ECN anode supported cells. 
FZJ 	 EC N N 
Fig. 6-2 Comparison of the FZJ and ECN fuel cell thickness. 
* The dimensions refer to the cathode area. 
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The RRFCS samples tested consisted of 6-cell modules, a smaller version of their 
standard 30-cell modules. A group of 3 cells, connected in series, covered each of the 
two sides of the configuration, with the two groups of cells being connected in parallel. 
electric connections 
Fig. 6-3 The RRFCS 6-cell module. 
Experimental techniques 
General materials characterization 
Porosity/Density measurements 
The porosity and density values of the Ni(0)/YSZ composites investigated were 
determined mainly by using the Archimedes principle and vacuum impregnation of 
water. The Sartorius CP 124 S balance (resolution ± 0.1 mg) was used and the 
impregnation was performed with the aid of a pump and desiccator. It has been argued 
[1] that impregnating water under vacuum conditions [2] is more effective than placing 
the sample in water and then apply vacuum [3]. Initial tests showed negligible 
difference in the results, and hence the latter impregnation method was used for 
practical reasons. 
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If the material tested has a well defined geometry, its bulk density can be calculated by 
both mass/geometric measurements as well as by using the water impregnation method. 
In the geometric estimation, the bulk density, Pb,  is given by the well known relation 
Pb = 
	 (6.1) 
r b 
where in is the mass of the sample and Vb the bulk volume. 
In the Archimedes method, the bulk density is derived by the following equation [2] 
m1  
Pb = 	 X pi m3 M2 
(6.2) 
where 
m1 = the mass of the dry specimen 
m2 = the apparent mass of the specimen immersed in water 
m3 = the mass of the soaked specimen 
p1 = the density of the immersion liquid (in this case water) 
Similarly, the apparent solid density (i.e. the density of the solid excluding any open 
pores, but including closed pores) can also be calculated as 
ml  PAS = 	x A  
ml — M2 
The advantage of this method is that it can give a quite accurate value for the volume 
percentage of the open — or apparent — porosity, PA, of the sample. This is 
PA =  m3 — ml  x100 
	
(6.4) 
m3  m2  
If the true solid density, pr , of the composite is known, the above measurements can 
also give values for the closed — or solid — porosity Ps 
Ps = 00 x 	-- 
PAS PT 
enabling the estimation of the total volume percentage porosity, Pr. This can also be 
defined alternatively as 
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py. = (1 -A x100 	 (6.6) 
PT 
Microscopy and preparation 
Scanning Electron Microscopy (SEM) (instrument: Jeol JSM 5610 LV) and Focused 
Ion Beam (FIB) (instrument: FEI FIB200) techniques were used for the mircostructure 
observations. Detection of cracking modes/patterns was performed on a larger scale 
with a conventional optical microscope (Polyvar Met) when required. A short 
description of the advanced microscopy techniques is given below. 
SEM 
In the SEM the electron beam incident on the sample generates secondary and 
backscattered electrons, the signals of which can be used for the imaging of the 
sample's microstructure. The first provides a good description of the morphology 
present, whereas the second can reveal the distribution of the different phases. It is 
based on the different backscatter coefficients of elements/compounds, which are 
depended on the respective atomic numbers. In the case of a pure element the 
coefficient is [4] 
=-0.0254 +0.016Z-1.86x10-4 Z2 +8.3x10-7 Z3 	 (6.7) 
where Z is the atomic number. When a homogeneous mixture is considered the 
backscatter coefficient becomes 
/7. =EC i 1i 	 (6.8) 
where ci is the weight fraction of the element i. What the coefficient represents is 
actually the fraction of the incident electrons to the sample that are being backscattered. 
As a result, the higher the backscatter coefficient a phase has the brighter it is expected 
to appear on the image. Best results are obtained when the sample surface is polished. 
The polishing procedure used included several steps. First, the samples had to be 
mounted into resin. Because of their porous structure, it was necessary to make sure that 
the resin filled all the pores, reinforcing the structure so as no damage could occur in the 
sample structure during grinding and polishing. Therefore low viscosity epoxy resin and 
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vacuum impregnation were used. In order to achieve the best possible flat surface, 
several steps of grinding and polishing were performed. The samples were sequentially 
ground manually with SiC paper of grit 240, 400, 800 and 1200 [5]. Polishing followed 
using an automatic polisher with diamond paste of successive size 15, 6, 3, 1 and 'A pm. 
Every step lasted 60 min and the samples were ultrasonically cleaned before changing 
polishing grade. 
For the SEM observations, both fractured and polished samples were coated with 
carbon or gold in order to minimize charging effects. The fractured samples were 
mounted on conductive stubs, whereas for the polished ones an electron conductive path 
was created by connecting the surfaces of the samples with the holder using Ag paste. 
FIB 
In the FIB microscope the incident beam consists of ions instead of electrons. Usually 
these are Ga ions which remove target atoms by sputtering, thus allowing sectioning of 
samples at the micron level. When low currents are used, the sputtering rate is very low 
and the technique can also be used for imaging purposes. Both secondary electrons and 
ions are emitted which produce signals with different attributes. For a more detailed 
discussion on these see Chapter 7, where results of FIB investigations on Ni/NiO 
particles are presented. 
Thermomechanical properties 
Impulse excitation of vibration technique 
The impulse excitation of vibration technique was used for the estimation of the elastic 
modulus of the cermets. In this technique the determination of the elastic modulus is 
based on the resonant frequency of the specimens in their flexural mode of vibration. 
The method was performed according to the respective standard [6] and the instrument 
used was GrindoSonic MK5. Fig. 6-4 shows a schematic of how the vibration was 
excited and the resonance frequency detected. 
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0 
Fig. 6-4 Schematic of the impulse excitation of vibration setup. (1) metallic impulser, (2) 
rectangular sample, (3) foam supports, (4) microphone and (5) foam table. 
The samples used were of rectangular cross-section (dimensions ca. 40x4x1.5 mm) and 
were excited with a metal impulser such that out-of-plane flexure was caused. The 
specimen vibration signal was recorded via a microphone placed under the centre of the 
sample. Foam pad supports were placed at a distance equal to 0.224xL from the edge of 
the specimen and a foam table, embedded with the microphone, was used for 
minimising vibrations from the environment. After the resonant frequency was 
obtained, and knowing the mass and dimensions of the specimen, the elastic modulus E 
could easily be calculated using the formula below [6]: 
E = 0.9465 
r 	\ r \ mf 2 L3 
b 1\ t l  
T 	 (6.9) 
Where m = mass of the test specimen 
b = width of the test specimen 
L = length of the test specimen 
t = thickness of the test specimen 
f= fundamental resonant frequency of the test specimen in flexure 
2 
T= correction factor which for L/t?. 20 is given by T =1+6.585 
\ L 
	(6.10) 
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4-Point bending 
The 4-point bending technique (instrument: H.T.E H2OK-C) was used for the 
determination of both the fracture toughness and strength of the Ni-YSZ composites. 
Fig. 6-5 shows a schematic of how the sample (dimensions ca. 50x5x1.5 mm) was 
configured in the setup. The four points of contact were made with rollers of 4 mm 
diameter with distances S1 = 22 mm and S2 = 10 mm, and the sample was sandwiched 
between two metal blocks. A push rod applied the load on a bearing ball (with a flat 
face) that was sitting on the top metal block. The rate and magnitude of the applied load 
in the experiments was computer controlled. 
Si 
p 
Fig. 6-5 Schematic of the 4-point bending configuration used, with W being 1.5 mm in the 
specimens used. 
Estimation of the critical stress intensity factor, or fracture toughness KID, requires the 
introduction into the sample of a sharp notch/crack of known depth. It is important for 
this to be as close to a V-shape as possible for the fracture theory to apply. In order to 
achieve this a methodology close to that described in [7] was adopted. First a notch was 
created using a diamond saw and subsequent treatment with a razor blade and diamond 
paste was performed for the desirable V-shape to be achieved at the notch tip (Fig. 6-6). 
The depth of the notch, a, was measured using the optical microscope. 
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Fig. 6-6 Example of a V-notch created on a Ni-YSZ substrate for fracture toughness 
measurement. 
When performing the test, the maximum load F. at which the specimen fractures is 
recorded, and by knowing this the fracture toughness value can be calculated from [8] 
where 
and 
KIC 	Fini_ax Si — S2 	311 V-C-3t 
-
3exp 
8 
t a —6.1342731 \ 
(6.11) 
(6.12) 
(6.13) 
B 	W 
IM =1.1215 
)5' = 1 — a 
2(1— a)
12 
 
( 5 	5 	a + —1 a2 ± 5a2P6 
8 	12 	8 
B is the sample's width and W its height. The relative notch depth a = a/W was ca. 0.5. 
The bending strength measurements involve a similar test with the difference that no 
notch preparation is performed. The sample is left to fail due to its inherent 
flaws/cracks. Consequently, strength results are characterized by a wide distribution and 
are dependent on the volume of the specimen tested. When compared to 3-point 
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bending, though, 4-point bending is regarded to give more accurate results, as an 
extended region with constant bending moment is formed between the inner rollers [9]. 
The following equation was used for the calculation of the critical bending strength o-c [9,10] 
= 
3Fina. 	— S2) 
a, 	
 
2W2B 
(6.14) 
In order to describe the strength distribution the Weibull approacht was followed, in 
which the failure probability is given by [11] 
 
m 
6c  
\ 	0 
 
F (a- c ) =1— exp (6.15) 
  
where m is the Weibull modulus and o-o the characteristic strength. These two 
parameters were estimated by using the strength measurements (in ascending order) in 
the logarithmic form of Eq. 6.15 [12] 
lnln 	1 = mlno-c — mlno-0 
1— F 
(6.16) 
where F is the failure probability of each of the n specimens measured and is given by [12] 
F =
i — 0.5 	 (6.17) 
n 
From Eq. 6.16 the Weibull plot was derived, from the slope of which m, and 
consequently co, could be estimated. 
With the Weibull analysis the effect of the volume on the strength distribution can also 
be estimated. The failure probability of a component (comp) from the same material as 
the specimens (sp) used in the strength measurements is given by 
 
( 
Veff,comp 
Vo  
 
F (a- c ) co,np =1— exp 
 
(6.18) 
   
In the results analysis it was assumed that the specimen's unit volume Vo is equal to its 
effective volume Veff,sp, giving for the 4-point bending geometry [13] 
The two-parameter Weibull distribution was used in which it is assumed that there exists a probability 
of failure for any applied stress. 
Redox Cycling of Solid Oxide Fuel Cells 	 80 
Chapter 6 	 Experimental 
 
LBW 
V° =V 
eff' sP = 2(m +1) 
(6.19) 
and 
Cry = °-0 (6.20) 
Dilatometry 
As discussed in Chapter 4, redox of Ni/YSZ composites results in dimensional changes. 
A high precision way to record those is with the help of a dilatometer (the Netzsch 402E 
dilatometer, 0.01 p,m resolution, was used in the present studies). Its operation relies on 
the conversion of length changes of the sample to changes in a voltage signal. For this, 
an alumina rod is in contact with the sample at one end and with a transducer at the 
other. As the sample expands, it pushes the rod, which in turn pushes the transducer and 
the signal is produced. It is apparent that length changes will also be caused by 
temperature changes, thus allowing the estimation of the TEC. These changes, however, 
will not only affect the sample but also the rest of the device (rod, tube support) that is 
in the temperature controlled environment. In order to exclude these artifacts from the 
final result, every experiment was first run using an alumina standard sample of known 
thermal behaviour. In this way, the data from the correction/calibration run were used to 
give only the values for the sample of interest. 
The dilatometry experiments had the following general characteristics: 
o heating/cooling rate at 10 K/min 
o maximum temperature achieved 800 or 900°C, depending on whether the oxidation 
or initial reduction conditions were of interest 
o heating up in oxygen free N2 atmosphere, reduction in 5 % H2/N2 for 3 h and 
oxidation in air (flow rates 50-100 ml/min) 
o bar samples of 25x4xheightI mm 
Height of the respective sample used — for FZJ that was ca. 1.5 mm. 
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Thermogravimetry 
Apart from volume changes, redox of the Ni(0)/YSZ composite is also followed by 
mass changes as oxygen is added (oxidation) of removed (reduction). 
Thermogravimetric Analysis (TGA) enables detailed monitoring of these changes and 
can give useful information for the kinetics of the respective reactions. The instrument 
Stanton Redcroft STA-780 was used for TGA. The studies were performed on state-of-
the-art FZJ anode support samples of 60 mg mass according to the following 
programme 
o heating in Ar at 30 K/min to 800°C 
o flowing 5 % H2/Ar for 3 h for the initial reduction 
o purging Ar for 20 min 
o flowing Air for 1.5 h for the subsequent oxidation 
Procedures for redox offree-standing samples 
Reduction of the NiO-YSZ composites was carried out in a tube furnace with 10 % 
I-12/N2 flowing at 50 ml/min and the following temperature programme: heating up to 
650°C at 3 K/min — hold for 6 hours — heating up to 900°C at 3 K/min — hold for 10 
hours — cooling down to RT at 3 K/min. The reduction of free-standing cells was also 
performed in a tube furnace with 10 % H2/N2, heating up to 900°C at 1 K/min, holding 
for 3 hours and cooling at 1 K/min. 
Interrupted oxidation of the substrates (bars ca. 40x4x1.5 mm) and cells (ca. 
25x10x1.5 mm) was performed at 800°C (in a box furnace with ambient air) in steps. A 
step consisted of inserting the sample directly from RT (room temperature) into the 
furnace at 800°C, allowing it to oxidise for a few seconds or minutes, and then taking it 
out and letting it cool freely in air to RT. The degree of oxidation was determined after 
each step by the change in weight, whereas dimensional changes were measured using 
Vernier callipers (10 .tm resolution). 
These were cut from whole cells with a diamond saw, in order to increase the available sample 
population. 
Redox Cycling of Solid Oxide Fuel Cells 	 82 
Chapter 6 	 Experimental 
Electrochemical cell testing 
For the electrochemical experiments the ASCs need to be housed in an appropriate 
configuration that enables effective sealing, gas distribution and current collection. For 
this, a metal housing was designed and produced, using Alloy MA956 [14]. The specific 
alloy was chosen because it is a ferritic steel with a low thermal expansion coefficient 
(13.9 X 10.6 1(4, 25 — 800°C [14]). Annealing of the housing components at 900°C for 1 h 
in air was performed in order to grow an electrically insulating alumina layer on the 
metal surfaces. A general schematic of the configuration is shown in Fig. 6-7 (detailed 
mechanical drawings can be found in Appendix II). The top and bottom plates provided 
the enclosure for the cell. The gases came in and out in a cross-flow arrangement 
through metal tubes welded to holes machined in the body of the plates. Fuel and air 
were distributed over the cell surfaces by the channels of the two inserts. Between the 
cell's anode or cathode side and the insert, Pt mesh was placed for current collection. A 
combination of fine Pt mesh (1250 squares/cm2 and 0.075 mm diameter) overlaid with a 
coarse mesh (256 squares/cm2 and 0.09 mm diameter) was used on both the anode and 
cathode side. 
Two variations of the general design were implemented; one in which the anode 
substrate was sitting freely at the upper surface of the fuel plate (housing-1) and an 
other in which the cell was placed on a manufactured "step" at the fuel plate surface 
(housing-2), in an attempt to achieve better gas sealing. In both cases the cell was sealed 
at its periphery (on the anode substrate side) to the fuel plate using a glass seal (mix of 
50 wt % dielectric encapsulant Du Pont 8190 and 50 wt % Heraeus IP 041) (Fig. 6-8). 
When in operation, an extra mass of 3 kg (-200 g cni2 of active area) was applied on 
the air plate. 
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air channel insert 
Pt mesh 
anode-supported fc 
Pt mesh 
fuel channel insert 
fuel plate 
Fig. 6-7 General schematic of the housing configuration conceived for the anode-supported 
cells. 
anode-supported cell 
glass seal 
housing-1 	 housing-2 
Fig. 6-8 Cross-section schematic of the two different cell housing configurations used. 
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Testing of the RRFCS modules did not require a housing as a module as-received 
actually constitutes a stand-alone stack of cells that are already sealed and connected 
with current collectors. The only modification required was to attach ceramic tubes at 
the gas inlet and outlet. 
A schematic of the experimental setup installed for the cell/module testing is shown in 
Fig. 6-9. Its main components are: 
o gases: Air, H2 and N2 
o computer controlled mass flow controllers and water saturator (Fideris FC Power) 
o heating wire for pre-heating the gas mix at 220°C before entering the fuel cell 
o furnace which provided the controlled temperature environment for the cell/module 
o computer controlled potentiostat/galvanostat (Autolab PGSTATT30) and a 10 Amp 
Booster (BST7217) for the effective control of current and voltage 
Initial reduction of the cells (both ASCs and RRFCS) was performed according to the 
following procedure 
o heating up to 900°C in nitrogen at 1 K/min 
o passing 20 % H2/N2 at a flow rate of 1 1/min at 900°C 
o gradually increasing hydrogen concentration until only wet (3-12 % steam) 
hydrogen at 300 - 500 ml/min was flowing 
o Maintain at open circuit voltage for at least 3 h 
Throughout the procedure the air flow to the cathode of the ASCs was in the range 200-
700 ml/min. For the RRFCS there was no stream supply of air, but they operated with 
ambient air in the furnace. 
Recording of the OCV is the first step in the testing procedure that can give some 
indication of the cell's performance, for it can easily be compared with the theoretical 
value obtained from the Nernst equation. In the case of the H2 reaction in the cell 
( H2 +102 -> H20 ) this can be written as [15] 
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E = 	+
RT In 
2F 
PH,* Pd,  
PH,0 
(6.21) 
   
where PH2 and PH20 are the respective partial pressures at the anode and Poe  the oxygen 
partial pressure at the cathode side, R is the universal gas constant, F the Faraday 
constant and T (K) the temperature. E° is the reversible open circuit voltage at standard 
pressure and is given from the formula 
—AG° 
E° = 	 
2F 
(6.22) 
AG' is the standard Gibbs free energy of H20(g) formation at the cell temperature. E" 
f ,T 
can therefore be easily calculated from thermodynamic data. 
Fig. 6-9 Schematic of the cell testing experimental setup. (1) Gas cylinders, (2) computer 
controlled mass-flow controllers, (3) water saturator, (4) heating wire, (5) furnace with fuel cell 
and (6) computer controlled potentiostat/galvanostat and current booster. 
Once the OCV was stabilised, the electrochemical performance of the cell was 
characterised by monitoring the current-voltage (I-V) behaviour. To this end, 
programmed linear sweep voltametry was used by drawing current (increasing load) to 
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scan a fixed range of voltages (usually OCV-0.7 V). Slow (0.001 V/sec), medium 
(0.005 V/sec) and quick (0.01 V/sec) scan rates were used and found to have no 
significant effect on the I-V curves. Estimation of the ASR was based on Eq. 3.2, using 
as OCV the actual value measured at open circuit and not the theoretical Nernst voltage. 
Thus graphs like Fig. 6-10 could be obtained that are generally accepted as the standard 
way of testing the electrochemical performance of fuel cells (see Chapter 8 for details 
on cell testing results). The smaller the slope of the plot, the lower the ASR and hence 
the better the performance. 
0.00 
	
0.02 
	
0.04 
	
0.06 
current density / A/cm2 
Fig. 6-10 Example of I-V curves obtained characterising the performance of ASCs. 
In-situ cell oxidation 
As reviewed in Chapter 4 the oxidation procedure of cells may vary as there is no 
standard adopted for this type of test. The results in turn may also vary as it is very 
likely they depend on the oxidation procedure followed. Five different methods of in-
situ oxidation in the cell housing are presented below along with their respective pros 
and cons. 
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While the cell** is under normal operating conditions, the fuel is turned off and any 
applied load is removed. The OCV behaviour is recorded with time. The cell is left to 
oxidize only due to leaks present in the cell or gas lines. 
Pros Cons 
Oxidation conditions close to those occurring 
upon fuel failure in real operation. 
Simple experiment to perform. 
Continuous recording of OCV behaviour. 
No control over rate of oxidation. 
Hard to specify degree of oxidation and possibly 
to achieve full oxidation. 
Behaviour dependent on the leakage 
characteristics of every cell. 
Method 2 
While the cell is under normal operating conditions, the fuel is turned off and any 
applied load is removed. The system is then purged with N2 for safety reasons before 
the fuel side of the cell is supplied with air (known flow rate) through the fuel feed 
lines. The OCV behaviour is recorded with time. 
Pros Cons 
Full oxidation can easily be achieved. 
Continuous recording of OCV behaviour and 
possible correlation of 02 mass 
supplied/consumed and degree of oxidation. 
Not realistic oxidation conditions. 
Assumption that all 02 supplied is consumed for 
the oxidation reaction may involve significant 
errors.ff  
Disturbances caused in the OCV profile from 
the purge of N2. 
Method 3  
Same as Method 2 with the difference that for the oxidation the feed line is just 
disconnected and the fuel side is exposed to atmospheric air. 
** The term 'cell' is used to describe the unit being tested and applies to either single cells or stacks/modules. 
" The monitoring of the oxygen consumption can obviously be ignored and the method be used just for achieving 
full oxidation. 
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Pros Cons 
Full oxidation can easily be achieved. 
Continuous recording of OCV behaviour. 
No air feed needed in the fuel side. 
Not realistic oxidation conditions. 
No control over rate of oxidation. 
Hard to specify degree of oxidation 
Disturbances caused in the OCV profile from the 
purging of N2. 
Method 4 
While the cell is under normal operating conditions, the fuel is turned off, any applied 
load is removed and the OCV is recorded. Successive steps of applying load (drawing 
current of known magnitude) for specific time and subsequently recording the OCV are 
performed. The oxidation is achieved by electrochemically 'pumping' 02" through the 
electrolyte to the anode. 
Pros Cons 
Control over rate and degree of oxidation. 
Charge transferred can be correlated with the 
theoretical required for the oxidation of the 
anode. 
All the oxygen supplied is consumed in the 
oxidation reaction. 
No air feed needed in the fuel side. 
Not realistic oxidation conditions (except for fuel 
over-utilization case). 
Possible leaks may induce errors in the results. 
Continuous recording of OCV behaviour not 
possible. 
The properties of the anode (concentration-
volume) need to be known in order to specify the 
degree of oxidation at every stage. 
Rather demanding experiment: 
the applied load has to be adjusted after 
every step depending on the degradation 
(OCV drop) caused 
low amounts of charge transferred are 
preferred for best monitoring of the 
behaviour 
a long time of continuous manual 
measurements may be required. 
Method 5 
While the cell is under normal operating conditions, the fuel is turned off and any 
applied load is removed. The system is then purged with N2 for safety reasons before 
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the fuel side of the cell is supplied with a known volume of air into a closed (isolated) 
section of the fuel supply line that includes the anode compartment. The OCV 
behaviour is recorded with time until it reaches a steady value at which stage the anode 
has consumed all the oxygen in the isolated section of the fuel line. Another aliquot of 
air is admitted into the closed section and the experiment is repeated until the OCV falls 
to an unacceptable level. 
Pros Cons 
The degree of oxidation is known from the 
amount of oxygen admitted in each aliquot. 
The manner of oxidation will be similar to that in 
a real system (i.e. with leaks). 
Long times might be required to consume the 
oxygen in the isolated section if the length of fine 
piping is significant (the error can be reduced if 
the volume in the isolated piping section is much 
smaller than in the anode compartment of the 
test cell). 
The pressure in the anode will reduce as the 
oxygen is consumed which will increase the risk 
of leakage. 
Technically demanding setup. 
In all the above methods monitoring of the OCV drop is used as a means of determining 
the course of oxidation and ultimately, at OCV = 0, its completion. However, a zero 
OCV does not necessarily mean that all the metal in the anode is oxidized, but rather the 
point at which the current path has been 'broken'. In fact, a 'broken' current path may 
even be the result of a cracked cell. 
On oxidation the OCV is expected to drop rapidly in the beginning due to consumption 
of residual fuel (Methods 1 and 4) or N2 purge (Methods 2, 3 and 5) and then to 
stabilize at a level which corresponds to the equilibrium of the oxidation reaction of the 
catalyst in the anode. The rate of OCV drop after that stage depends on the way the cell 
has degraded (e.g. discontinuity of current path or cracking). 
For the needs of the present Thesis methods 2, 3 and 4 were used for the in-situ 
oxidation of cells. Oxidation of free standing cells was also performed following the 
interrupted oxidation procedure described above. 
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Summary 
In order to acquire a wide range of information necessary for understanding the redox 
problem, a variety of techniques and approaches were implemented as described above. 
These were aimed at studying the redox phenomena at both the material and cell levels. 
For the former, characterisation techniques related to changes in physical and 
mechanical properties of the composite materials were used. The cell testing of ASCs 
was performed using a metal test housing. Several in-situ oxidation methods were 
considered for oxidation of cells and the most suitable were used in later experiments 
(see Chapter 8). Before presenting results on cells, however, the redox analyses on state-
of-the-art anode composites is given first. 
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Redox of Ni-YSZ Composites 
Introduction 
The Redox Overview presented in Chapter 4 concluded that, although there is 
considerable variability in results reported by different researchers, some trends are 
consistently observed in redox experiments with Ni-YSZ cermets. Upon initial 
reduction of the NiO-YSZ precursor there is negligible dimensional change, whereas the 
first complete oxidation (all Ni converted to NiO) is accompanied by a linear expansion 
strain of approximately 1 %. Successive redox cycles result in an accumulating 
expansion strain, revealing a non-reversible redox process for the cermet. This oxidation 
strain is recognised to be the critical parameter for driving damage in the cells, which is 
predicted to take place for a strain as low as 0.1-0.25 % in the case of ASCs. 
Nevertheless, the details of how the cermet expands with advancing oxidation and what 
controls this phenomenon are not established. The relationship between degree of 
oxidation and expansion is of great interest for estimating how much oxidation the cell 
can accommodate before failure. Regarding the actual expansion mechanism, the 
published work suggests expansion is due to the agglomeration of metallic nickel [1,2] 
and the formation of porosity upon oxidation [3,4,5], based mainly on qualitative SEM 
results. In the present redox study, after some standard kinetics measurements and 
morphology investigations, the efforts were focused on controlling the oxidation 
process and monitoring changes in dimensions, porosity and mechanical properties as a 
function of degree of oxidation. 
While redox damage of the ASCs by electrolyte cracking is the expected failure mode, 
there is some controversy concerning the effect of redox on the integrity of the anode 
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substrate itself. It has been reported (see Chapter 4) that redox can cause microcracking 
or even catastrophic failure of the composite. This kind of damage was assessed here 
from elastic modulus changes in combination with observations of the YSZ network. 
Finally, oxidation of spherical Ni particles was also studied in an attempt to interpret the 
porosity results obtained for the cermet and gain understanding of the mechanisms 
involved in the oxidation of nickel particles. 
Redox kinetics of Ni-YSZ substrates 
The kinetics of the reduction/oxidation reactions were studied by monitoring mass 
changes in the TGA. Bulk samples of only 60 mg from FZJ substrates were used, due to 
the device's restrictions. 
Fig. 7-1 shows the mass change profile with time during reduction in hydrogen 
atmosphere. After 20 min more than 90 % of the process is completed and, as illustrated 
in the inset, mass reduction follows a close to linear relationship with time, but only for 
the range 13-60 % reduction. A linear behaviour is indicative of interface controlled 
kinetics and is typical of this reaction (see Chapter 4). 
On the other hand, there is some disagreement regarding the reported oxidation kinetics 
and both parabolic and logarithmic fitting equations have been proposed to describe it. 
The results obtained here for the substrate of interest are shown in Fig. 7-2. It is evident 
that oxidation at 800°C is faster than the respective reduction, with 90 % of oxidation 
being completed in less than 10 min. Fitting the data to a standard parabolic or 
logarithmic equation showed that both can almost equally express the oxidation 
kinetics, for a restricted range though: 30-70 % oxidation for the parabolic and 41-77 % 
oxidation for the logarithmic rate law. 
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Fig. 7-1 TGA plot of reduction for NiO-YSZ substrate. Inset shows magnification of the region 
up to 80 % reduction and the linear fit for the range 13-60 % reduction. 
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Fig. 7-2 TGA plot of oxidation for Ni-YSZ substrate. Insets show magnification of the region 
up to 80 % oxidation with applying (a) parabolic law for the range 30-70 % oxidation and (b) 
logarithmic law for the range 41-77 % oxidation. 
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It is not easy therefore to deduce a clear reaction mechanism for the oxidation from only 
the kinetics equation and it is likely that several mechanisms (such as molecular/ionic 
inward/outward diffusion) are involved. (For more on this see later discussion) Another 
issue in performing such experiments is the effect of the sample size and issues related 
with the gas mass transport. Hagen et al. [6] have made kinetics measurements on whole 
cells using X-ray diffraction and showed that the rate of oxidation/reduction depended 
on the distance from the anode's free surface. 
Since the redox kinetics are so sensitive to experimental details that make it difficult for 
the governing mechanisms to be deduced, attention was given next to the actual 
macroscopic and microscopic effects on the composite. 
Changes in physical and mechanical properties of Ni-YSZ substrates with redox 
Initial microstructure observations 
To get an idea of the substrate's microstructure first SEM imaging on fracture surfaces 
of as-received (NiO-YSZ) and reduced (Ni-YSZ) samples was performed (Fig. 7-3). 
The reduced sample seems more porous, but no distinction between the two different 
phases can be made in either of the two micrographs produced by secondary electrons. 
Fig. 7-3 Secondary electron SEM micrographs of (a) as-received (NiO-YSZ) and (b) reduced 
(Ni-YSZ) fracture surfaces of anode substrates. 
Imaging in the backscatter mode (Fig. 7-4) did not yield much better results either, for 
the backscatter coefficients of the three phases of interest are very close: NiO = 0.251, 
Ni = 0.295 and 8YSZ = 0.299. Nevertheless, at high magnification some contrast is 
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visible (YSZ brighter, Ni/NiO darker) as well as a difference in microstructure after 
reduction, as the Ni/NiO phase decreases in volume and makes gain boundaries more 
distinguishable (Fig. 7-4). Due to this inherent deficiency of the system (instrument-
sample combination) the use of SEM was limited to qualitative analyses only. (Even for 
qualitative analyses however the SEM technique also has significant restrictions as 
discussed later.) 
Fig. 7-4 Backscatter SEM micrographs of polished anode substrates surfaces. (a), (b) as-
received (NiO-YSZ) and (c), (d) reduced (Ni-YSZ) samples. 
Dimensional changes 
On initial reduction the bar specimens showed no detectable length changes when 
measured with the callipers, and only 0.017 % contraction in the dilatometer (Fig. 7-5), 
in agreement with most other published work on similar composites. 
Fig. 7-6 shows the relation between degree of oxidation and expansion strain of the 
anode substrates (interrupted oxidation technique). After the first complete oxidation the 
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substrate had expanded to a total linear strain of 0.55 %, showing an almost linear 
relation between degree of oxidation and strain in the range of 20-90 % oxidation. 
However, in the first oxidation steps (up to 20 %) a slight contraction was recorded. 
After the first oxidation and reduction cycle, re-oxidation of the composite showed a 
very similar trend to the first oxidation, except that there was a constant extra strain (ca. 
0.1 %), resulting from the irreversibility of the first cycle. As a result, the total strain 
after the second complete oxidation was higher (0.63 %) than after the first. (The slight 
vertical offset to the left of the re-oxidation points in Figs. 7-6, 7-8 and 7-10 was caused 
probably by some loss of material during handling the sample between the two redox 
cycles) This accumulation of oxidation strain with redox cycling is in accordance with 
published studies. Klemenso et al. [1] have suggested that it is the result of the sintering 
and rearrangement of the metal Ni particles in the YSZ network. 
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Fig. 7-5 Dilatometry of anode substrate reduction with inset magnifying the region in which 
reduction is taking place. 
The sample again showed a small initial contraction during the second oxidation. This 
kind of contraction was not observed however in the dilatometer oxidation (Fig. 7-7). 
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Moreover, the different oxidation conditions produced different values of final 
expansion strain (Table 7-1). 
0 10 20 30 40 50 60 70 80 90 100 
degree of oxidation (%) 
Fig. 7-6 Expansion strain of anode substrates as a function of degree of oxidation. Error bars 
indicate the uncertainty introduced by the callipers measurements. 
Table 7-1 Linear expansion strain of composites after total oxidation for different methods of 
oxidation. 
 
interrupted oxidation 	direct oxidation 	dilatometry oxidation 
(ambient air) 	(ambient air) (air flow)  
 
 
oxidation strain (%) 	0.55 ± 0.03 
	
0.65 ± 0.03 	0.80 ± 0.01 
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Fig. 7-7 Dilatometry of anode substrate oxidation with inset magnifying the region in which 
oxidation is taking place. 
The interrupted and direct oxidation both took place in ambient air (no flow) implying 
that interruption of the oxidation process affects the expansion behaviour of the cermet. 
It seems that interruption of oxidation causes the early initial shrinkage and a final lower 
expansion on full oxidation (0.55 %) when compared to direct oxidation (0.65 %). The 
oxidation in the dilatometer on the other hand showed a distinctly higher expansion 
strain on full oxidation (0.8 %), occurring in less than 20 min oxidation time, when the 
0.55 % strain in the interrupted oxidation experiments was recorded for a total oxidation 
time of 25 min. The key feature in the dilatometry experiment is that there was a flow of 
air for the oxidation of the composite. Ettler et al. [7] have drawn attention to the effects 
that incident oxidising flows have on the kinetics and homogeneity of the cermet's 
oxidation, with no conclusions though on the respective dimensional behaviour. The 
fact also that only in the dilatometry case did the strain measurement take place at high 
temperature suggests that room temperature measurements may not be as accurate and 
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may also be compounded by the effects of additional internal stresses caused by the 
different thermal expansion coefficients of the constituent materials in the composites. 
Nevertheless, in all cases an irreversible strain was observed after a complete 
oxidation/reduction cycle. 
Mechanical integrity 
In contrast with the expansion behaviour, Young's modulus exhibited an almost 
identical linear dependence on degree of oxidation for both first oxidation and re-
oxidation (Fig. 7-8). As nickel oxidises and the solid volume increases, the porosity 
decreases and the elastic modulus of the composite increases. Its reversibility and 
repeatability implies that no significant damage occurs within the composite structure. 
The oxidation modulus values, however, were lower than the as-received, implying 
possible microstructural changes with redox. 
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Fig. 7-8 Young's modulus E of anode substrates as a function of degree of oxidation. 
As no cracking could be observed macroscopically in the sample after two redox cycles, 
more detailed studies were performed. For these studies, first the Ni was dissolved from 
a piece (ca. 7x4x 1.5 mm) taken from the composite after the third reduction. This was 
achieved by using concentrated (16 molar) HNO3. A coherent YSZ network structure 
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was revealed (Fig. 7-9) that retained the rectangular bulk shape of the Ni-YSZ 
precursor. Some minor localised cracking might have occurred, but if it did it was not 
clearly detectable by SEM and had no major effect on the mechanical integrity of the 
YSZ network. Although this is consistent with the observed elastic modulus behaviour, 
it is not what one would expect taking into account the cermet's oxidation strain. It is 
hard to explain how a brittle ceramic network can accommodate a stress generated 
strain of 0.6 % without failing. It is possible that some degree of plastic deformation 
took place in the ceramic structure upon oxidation and expansion of the nickel at high temperature. 
Fig. 7-9 Fracture surface of the YSZ network after two redox cycles and dissolution of nickel. 
Density/Porosity changes 
Monitoring of the evolution of porosity revealed that with increasing oxidation open 
porosity decreases and the overall bulk density increases in an approximately linear 
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fashion (Fig. 7-10). However, the apparent solid density was observed to decrease to 
5.73 g/cm3 on complete oxidation, significantly lower than the 6.11 g/cm3 value 
measured for the as-received NiO/YSZ composite. Hence, closed porosity forms on 
oxidation and in our case an increase of ca. 5 % in closed pore volume was estimated to 
have occurred (Table 7-2). It is apparent from the values in Table 7-2 that a re-
distribution of open and closed porosity takes place after the first reduction/oxidation 
cycle, but the relative porosity values remain practically unchanged after the second 
cycle. 
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Fig. 7-10 Bulk density, apparent solid density and open porosity of anode substrates as a 
function of degree of oxidation. 
Table 7-2 Properties of the composites after different successive stages of reduction and 
oxidation. (E elastic modulus, pb bulk density, p„ apparent solid density, Pa open porosity and 
Ps closed porosity.) The closed porosity values were deduced using theoretical true solid 
densities for the known composition of the cermet (reduced 7.10 g/cm3, oxidised 6.31 g/cm3). 
strain E Pb Pas Pa Ps 
± 0.03 ±1.3 ± 0.05 ± 0.05 ± 0.3 ± 0.3 
(%) (Gpa) (g/cm3) (g/crn3) (%) (%) 
as-received - 79 4.65 6.11 23.9 2.5 
reduced 0.00 32 4.02 6.90 41.8 1.6 
oxidized 0.55 74 4.57 5.73 20.3 7.3 
re-reduced 0.14 31 4.04 6.87 41.2 1.9 
re-oxidized 0.63 72 4.55 5.72 20.4 7.4 
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There are two ways in which closed porosity can be forming. One is due to the 
redistribution and partial sintering of nickel grains in the reducing environment. The 
second is through the intrinsic properties of the nickel oxidation and reduction 
mechanisms at high temperatures. In order to clarify this, studies were conducted on Ni 
particles involving microstructure observations. 
Oxidation of Ni particles 
It has been established that Ni oxidation at 500°C < T < 1000°C is controlled by 
outward diffusion of Ni++ through the oxide scale [8], a process that should result in the 
formation of voids at the metal/oxide interface, or in the bulk of the metal if the 
metal/oxide interface is prevented from moving inwards. Although oxidation of nickel 
has been widely studied it is not very clear how porosity develops during oxidation, and 
especially for the case of the micron-size Ni particles/grains that are present in the 
cermets of interest. In experiments oxidising cylindrical nickel wires, Hales and Hill [9] 
showed that internal porosity developed in the nickel due to the inability of the circular 
metal/oxide interface to migrate inwards during oxidation. For a spherical geometry the 
problem of the oxide/metal interface recession and how contact can be maintained at 
that interface is a similar issue. If the interface cannot recess inwards then an outward 
Ni++ diffusion mechanism would be expected to create hollow shell oxide particles with 
internal void formation equal to the volume of initially present Ni. It has been found that 
when interface recession is prevented in bulk specimens (e.g. by impurities that pin the 
interface) inward oxygen permeation through fissures in the oxide occurs and two-
layered oxide scales form with the boundary between the layers coinciding with the 
original metal surface [10]. Recent studies show that very high purity nickel sheets 
develop just a simple oxide layer (outward diffusion of Ni++) [ 11 ] and that the 
orientation of the Ni grains may also affect the oxide morphology [12]. 
Experiments with spherical Ni particles (Alpha Aesar, 5-15 micron, 99 % Ni) were 
performed as part of the present study, in order to investigate the formation of closed 
porosity. Fig. 7-11 shows SEM pictures of the almost spherical Ni particles and their 
appearance after full oxidation to NiO particles. The surface of the oxidised particles 
has changed significantly to show a more textured outer surface. Generally this surface 
appearance is taken to signify porosity extending below the surface, what is commonly 
described as 'sponge-like texture [3, 4]. 
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Fig. 7-11 Secondary electron SEM micrographs of (a) as received Ni and (b) fully oxidised Ni 
(NiO) particles. 
When the same samples were imaged using the secondary electrons generated by the 
scanned primary ion beam in the FIB microscope, a similar texture was revealed, but 
less pronounced (Fig. 7-12a). However, when sputtered ions were used to form the 
image in the FIB microscope, Fig. 7-12b, the surface texture of the fully oxidised NiO 
particles appeared much smoother. 
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Fig. 7-12 FIB microscope images of fully oxidised Ni particles using (a) secondary electrons 
and (b) positively-charged secondary ions. 
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This surface morphology is more aptly described as dimpled rather than porous. 
Sputtered ions originate from the top surface layers only, that is, they are of sub-nano-
meter origin and the respective images are generally free of charging artifacts. (Non-
conducting regions of a sample can accumulate a net positive charge as a result of the 
impinging Ga+ ions, preventing the escape of secondary electrons and causing dark 
contrast in the case of secondary electron FIB imaging) Both of these fundamental 
aspects mean that the ion image shows the surface topography with less enhancement of 
edges and thin features [13]. 
To investigate the subsurface porosity of the oxidised particles, the ability to control the 
FIB ion beam current over four orders of magnitude was exploited. Localised scanning 
of the FIB beam at high currents in the nano-amp range sputters the Ni and NiO at a 
sufficient rate to form a cross-section in-situ through a particle. Subsequently, the 
section is imaged with the same ion beam on tilting the particle through 45°, but at the 
much lower ion current of approximately 50 pA. Images of such cross-sections are 
shown in Fig. 7-13. There are structure changes both in terms of grain morphology and 
porosity as a result of oxidation. From a completely dense Ni particle, a NiO particle 
containing some porosity is formed on complete oxidation. However, a hollow core is 
not formed. 
In order to monitor the porosity changes as oxidation advances, Ni particles were 
exposed to oxidising conditions for time periods ranging from 30 seconds to 5 minutes, 
and then sectioned and observed in the FIB microscope (Fig. 7-14). With the exception 
of Fig. 7-14b, it can be observed that as oxidation proceeds grain growth and formation 
of porosity take place. The particle of Fig. 7-14b is significantly smaller than the rest of 
the batch and this probably resulted in a higher degree of oxidation than intended. After 
5 min of oxidation, and using secondary ion imaging, the oxide scale around the particle 
is clearly visible (Fig. 7-14f). Pores are present both in the scale and the metal. 
Correlation of the Ni particles oxidation times with the ones recorded in the cermet's 
interrupted oxidation can give an estimation of the particles' degree of oxidation. For 
Fig. 7-14 micrographs therefore: c R.', 3 %, d 10 % and e 25 % oxidation, in good 
agreement with micrograph f. A comparison of the fully (Fig. 7-13b) and partially (Fig. 
7-14) oxidised particles shows that partial oxidation can be characterised by higher 
porosity formation than full oxidation, implying a complex oxidation mechanism. While 
outward Ni diffusion may dominate at the early oxidation stages it is apparent that 
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inward oxygen transport is also involved, given that the oxide/metal interface cannot 
recess in our spherical geometry. The radial grains forming a rim in the NiO particle of 
Fig. 7-13b suggest also a complex kinetics mechanism, with some degree of epitaxial 
oxide growth probably occurring initially at the original nickel surface [14]. 
Fig. 7-13 FIB cross-section secondary electron images of (a) as received Ni and (b) fully 
oxidised Ni (NiO) particles. 
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Fig. 7-14 FIB cross-sections secondary electron images of Ni particles oxidised for (a) 30 sec, 
(b) 60 sec, (c) 90 sec (3 	ox), (d) 180 sec (10 % ox), (e) 300 sec (25 	ox). Image (f) is the 
same particle as in (e) but obtained using secondary ion signal. 
The above observations show that the oxidation process of small particles does lead to 
some small amount of closed porosity, but not nearly as large an amount as observed on 
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oxidation of wires. Thus the "swelling" on oxidation is much smaller than would be 
expected if hollow oxide particles had been formed. Werber [15] has suggested that the 
presence of porosity in the initial Ni particles has an adverse effect on the oxidation 
"swelling". However, this cannot account for the present observations, as the Ni 
particles were originally fully dense. Nevertheless, even the small amount of porosity 
observed in the FIB images can easily account for the ca. 5 % increase in closed 
porosity measured for the oxidation of the cermet. Although this closed porosity formed 
by the oxidation mechanism can account for the swelling of the cermet, additional 
contributions from sintering of metallic Ni cannot be excluded, and it is likely that a 
combination of the two — nickel sintering and intrinsic oxidation properties — is 
involved. 
Summary 
Investigations of Ni-YSZ composites used in state-of-the-art SOFCs were performed 
involving monitoring changes in critical physical (dimensions and porosity) and 
mechanical (Young's modulus) properties upon redox cycling at 800°C. A correlation 
between degree of oxidation and changes in these properties was established using 
interrupted oxidation. 
Initial reduction of the NiO-YSZ composite resulted in negligible shrinkage whereas 
subsequent interrupted oxidation exhibited a total linear expansion of ca. 0.55 %, 
following a close to linear relation with degree of oxidation. However, the oxidation 
expansion was shown to depend on the oxidation procedure (interruption of oxidation, 
measurement temperature, or air flow) giving values as high as 0.8 %. It was established 
that the oxidation strain is not reversible and residual strain of ca. 0.1 % remains after 
the first oxidation/reduction cycle and adds on to the second. The oxidation expansion, 
however, did not have a detectable effect on the integrity of the composite. The changes 
in elastic modulus of the composite were reversible and a coherent YSZ network 
structure was revealed after two redox cycles. Finally, measurement of porosity changes 
showed that closed porosity forms on oxidation and this was estimated to be of the order 
of 5 % of the volume of the composite. Sectioning of partially oxidised spherical Ni 
particles using FIB techniques revealed formation of closed pores, which can account 
for the observed increase in closed porosity of composites and the expansion of the 
composite on oxidation. 
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It is clear that expansion of the Ni-YSZ composite on oxidation, which is the critical 
parameter for cell failure, is closely related to microstructural changes of the Ni 
particles during oxidation. It was shown that formation of closed porosity in the NiO 
particles due to intrinsic features of the oxidation mechanism makes a key contribution 
to the oxidation expansion of Ni cermet anodes and anode supports. 
A complete picture of the redox behaviour however cannot be formed by studying only 
the anode cermet. Testing on a cell level was essential for validating the mechanical 
modelling predictions (Chapter 5) and investigating the failure mechanisms actually 
taking place with redox cycling. The results of these studies are described in the next 
chapter. 
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Introduction 
It is clear from the analysis thus far that the critical parameter for damage in SOFCs that 
oxidise is the expansion strain of the Ni-based composite. The exact relationship 
between the two needs to be investigated though, as it is of great value to know how 
much oxidation the cell can take before failure. Moreover, investigations under realistic 
operating conditions are required to assess the effect on the electrochemical 
performance and the role that the other aspects of the system can play. 
To test the modelling predictions of Chapter 5, experiments were performed and 
presented here on custom made partial cells of varying layer thicknesses. Detailed redox 
investigations were also carried out on state-of-the-art ASCs (FZJ and ECN) and inert 
substrate-supported cells (RRFCS). Several of the oxidation methods presented in 
Chapter 6 were employed, with emphasis on achieving controlled oxidation conditions. 
The redox experiments on cells exhibited in some cases rather complex failure results. 
In an attempt to interpret these, models of the stress generation and fracture processes 
were developed and are presented. 
Mechanical model validation — Effect of layer thickness 
In the mechanical model developed earlier the critical oxidation strain for steady state 
crack propagation in a laminated structure can be predicted. The parameters that control 
the process are mechanical properties (elastic modulus, critical energy release rate) and 
the thickness of the layer(s) that is(are) subjected to the oxidation stresses (either tensile 
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or compressive). From Eq. 5.4 it is seen that the elastic energy stored in the system is 
proportional to the layer thickness, meaning the higher the layer thickness the lower the 
critical oxidation for failure is expected to be, and vice versa. A way therefore to 
validate the model is by testing the effect of layer thickness on redox damage in suitably 
prepared samples. As seen in Chapter 5 for the case of ASCs accommodation of the 
expected 1 % oxidation strain requires an unachievable low electrolyte thickness. For 
achievable thicknesses however one would expect that the thicker the layer the lower 
would be the degree of oxidation required to produce damage. Based on this expectation 
controlled oxidation experiments on anode- and electrolyte-supported cells with varying 
thickness of electrolyte or anode layers were performed. 
Experimental 
Anode-supported and electrolyte-supported half cells in the form of pellets (23 mm 
diameter) with varying supported layer thicknesses (5, 10, 20, 35 µm) were provided by 
ECN. Their respective characteristics are shown in Table 8-1. 
Table 8-1 Characteristics of the half cells provided by ECN. 
Sample 
	
Substrate (thickness) 	 Layer 
Anode-supported 	65 wt % NiO / 8YSZ (0.6 mm) 	8YSZ 
Electrolyte-supported 	3YSZ (0.1 mm) 	 65 wt % Ni0 / 10GDC 
The samples were reduced in 10 vol % H2/N2 atmosphere for 3 h at 900°C. The 
interrupted oxidation procedure, described earlier for free-standing samples, was 
followed (see Chapter 6). Optical microscopy was used for assessing damage after 
every oxidation step. 
Results and discussion 
Anode-supported half cells 
Three samples of every thickness category were tested aiming at detecting the different 
critical degree of oxidation for different electrolyte thickness. It was observed that the 
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thicker the electrolyte the easier the cracks could be detected and on full oxidation 
distinct damage patterns were formed (Fig. 8-1). 
Fig. 8-1 Fully oxidised anode-supported half cells with varying electrolyte thickness and the 
corresponding optical micrographs of the cracked electrolyte surface. 
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As the electrolyte thickness increases so does the crack opening and the spacing 
between major cracks. Theoretical analysis predicts that there is a limit to the crack 
density in systems (substrate-film) like the one tested here [1]. The ratio of crack 
distance to layer thickness has been reported to vary considerably, giving values of 3-12 
according to modelling and experimental studies [2,3,4]. As the applied strain increases 
after initial cracking, a critical point is reached at which fracture saturation occurs and 
no further crack propagation takes place [4]. The applied extra strain is accommodated 
by an increase in the crack opening. In our case, for a constant substrate oxidation strain 
in all samples, the crack density is limited by the layer thickness. The thicker the layer 
the fewer the cracks present and hence these must be characterised by wider openings to 
accommodate the same oxidation strain. This behaviour is exactly what was observed as 
Fig. 8-1 shows. 
In all samples cracking was first observed after approximately 50-60 % oxidation of the 
substrate. This is not consistent with the model predictions. However, the fact that all 
samples were observed to fail at the same degree of oxidation does not necessarily mean 
that this was the case. Optical microscopy with limited capabilities was used for the 
crack detection. Only when cracks were spread throughout the electrolyte surface and 
had a sufficient opening could they be detected. 
The oxidised samples were also observed to be bent, concave on the electrolyte side, 
which makes the analysis more complicated. The bending was such in the 35 tm layer 
sample that the entire configuration (substrate and electrolyte) broke into two. The 
bending gives a compressive contribution to the stress at the outer surface of the 
electrolyte and a tensile contribution at the outer surface of the support (Fig. 8-2). Thus 
curvature changes can play an important role and this could explain why the modelling 
prediction of the layer thickness effect was not confirmed. (It is assumed in the model 
that the cell configuration is constrained to remain flat.) 
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Fig. 8-2 Schematic of the curvature caused in ECN anode-supported half cells upon oxidation, 
showing also the stresses generated at the outer surfaces of the two layers. 
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Electrolyte-supported half cells 
In this type of configuration oxidation of the thin anode layer is expected to cause its 
delamination (edge or buckling) in compression. Again, the thicker the layer the lower 
the degree of oxidation at which failure is expected. 
The samples tested did not fail obviously even after two redox cycles and irrespective of 
the anode thickness. This observation confirms that the electrolyte-supported 
configuration is more redox tolerant than the anode-supported one. The fact that they 
did not fail at all even after two redox cycles draws attention to the effect the bonding 
between anode and electrolyte may play. In the mechanical model, a critical value for 
interface fracture energy was estimated in the absence of available experimental data. It 
is likely that the fracture energy at the interface can be much higher than what was 
assumed, thus allowing a very stable redox behaviour for electrolyte-supported cells. 
Redox studies on state-of-the-art SOFCs 
Anode-supported cells 
Free-standing cells 
Interrupted oxidation of free-standing FZJ ASCs (ca. 25x10x1.5 mm) was performed in 
order to monitor electrolyte (or other) damage as a function of degree of oxidation. 
Observations in the optical microscope revealed cracking of the electrolyte and/or 
cathode with oxidation (Fig. 8-3), but no apparent bending was observed 
macroscopically in the samples. The critical degree of oxidation to cause cracking was 
estimated from these observations (4 specimens) to be in the range of 49-75 %.* These 
values correspond again to the stage when cracks were distributed throughout the 
electrolyte surface and could easily be observed. Therefore, possible earlier initiation of 
a small number of cracks with narrow openings could have occurred, but not been 
detected. 
The mechanical modelling presented in the Thesis, supported by more recent numerical 
studies [5], concludes that the failure mode for an unconstrained and uniformly oxidised 
ASC should be by channel cracking of the electrolyte, predicting a critical substrate 
oxidation strain of 0.1-0.25 %. Using the data obtained for the oxidation strain of the 
* The critical degree of oxidation values recorded for the 4 samples were 49, 75, 57 and 68 %. 
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FZJ substrates and the above prediction it can be shown that channel cracking is 
expected for a degree of oxidation above approximately 40-55 % (Fig. 8-4). This is 
slightly lower than the range 49-75 % observed for the free-standing samples, but is in 
reasonable agreement considering uncertainties in critical mechanical properties (the 
elastic modulus and fracture toughness of the actual electrolyte layers were not 
measured) and in detection of the initial stage of cracking. 
50 pm 
Fig. 8-3 Cracking of electrolyte (left) and cathode (right) in free-standing FZJ ASCs upon 
oxidation at 800°C. 
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Fig. 8-4 Prediction of critical degree of oxidation for FZJ ASCs. A critical strain of 0.1-0.25 % 
corresponds to a degree of oxidation of 40-55 % to cause electrolyte cracking. 
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It should be noted, nonetheless, that the free-standing cells were also thermally cycled, 
due to the oxidation procedure followed. This did not cause any failure in the first 
oxidation steps, but when failure eventually did occur, it might have not only been the 
result of oxidation. Mechanisms of thermal cycling fatigue may have also been 
involved. However, this is probably not a significant effect in this case, as cracking was 
detected for slightly higher degrees of oxidation than predicted. 
Having established the redox behaviour of free-standing ASCs, of great interest was to 
see if this would be repeated with cells in electrochemical test configuration and what 
would be the effect on the electrochemical performance for a non destructive degree of 
oxidation. 
Housed cells (electrochemical configuration) 
Initial electrochemical performance 
In the first electrochemical tests performed on ASCs at 850°C it was apparent that the 
cells were exhibiting a much higher ASR (ca. 7 E2 cm2) than expected.t An experiment 
was carried out to determine the ohmic resistance contribution of the apparatus used, 
excluding the cell (direct contact of the anode and cathode current collectors). The 
ohmic resistance caused by the current collectors and connection leads as a function of 
temperature is shown in Fig. 8-5. At 850°C the resistance was found to be 0.28 ). Since 
the electrode area of the ASCs is approximately 16 cm2, this is a contribution of 
approximately 4.5 SI cm2 to the apparent ASR of the cell. 
Fig. 8-6 shows the electrochemical performance (I-V curve) of a FZJ cell tested. 
Measurements were taken on the day of initial reduction and on the following day. 
Values as high as 7.64 SI cm2 were recorded for the apparent ASR, indicating high 
losses. 
1. Expected ASR of the order of 0.5 Q cm2. 
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Fig. 8-5 Resistance of the electrochemical setup (excluding the cell) with temperature. 
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Fig. 8-6 I-V curves of a FZJ ASC with and without the setup resistance contributions. 
A large fraction (-60 %) of these losses can be attributed to the properties of the current 
collectors and electrical leads. A correction was performed by subtracting these ohmic 
losses. The actual cell voltage, Vcell , should then be 
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Vcell —Vmeas 18ext 
	 (8.1) 
where Vmeas is external 
resistance 	
the measured voltage (V), I the current drawn (A) and Rext the exte
t nce of the current collectors and leads (0.28 CI). The corrected data are also 
presented in Fig. 8-6 (star symbols) showing much lower slopes. The corrected ASRs 
were typically 2.5-3 SI cm2 and were still rather high in comparison with the expected —
according to the manufacturer — value of ca. 0.5 n cm2. These results were reproducible 
for different FZJ cells. 
The state-of-the-art ECN ASCs gave a better performance, as shown in Fig. 8-7, but the 
ASR values were again higher than expected. 
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Fig. 8-7 I-V curves of an ECN ASC with and without the setup resistance contributions. 
Overall, the higher than expected ASRs were attributed to possible insufficient contact 
between the current collector meshes and the cell electrodes. Current collection 
constitutes a common problem of fuel cell systems and optimization of the contact 
conditions is not a trivial task. Moreover, the assumption of an insufficient current 
collection was further supported by results obtained from oxidising cells 
electrochemically (see later). 
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Electrochemical oxidation (Method 4) 
As described in Chapter 6, a convenient method identified for performing in-situ 
controlled oxidation is by oxidising the cell electrochemically. In the procedure 
followed here, after the cell was reduced and its electrochemical performance recorded, 
the fuel flow was stopped, any applied load removed and the OCV was recorded. A 
known current (0.1-1 A) was then drawn for a specific time (20-300 sec) and the OCV 
was again measured. This was repeated in successive steps until the cell failed. In this 
way the oxidation was achieved by electrochemically "pumping" oxygen through the 
electrolyte to the anode side. 
The electrochemical oxidation of the cermet can be represented by 
Ni + 02- —> NiO + 2e- 	 (8.2) 
After the fuel shut down, and once the gaseous fuel remaining in the anode 
compartment has been oxidised, the cell's OCV will be governed by the equilibrium of 
the reaction 
1 Ni + 
2 
—02 	NiO 	 (8.3) 
The theoretical OCV is given by the Nernst equation 
RT Pair OCV =— ln  r 02 
4F Pnfuel 
(8.4) 
where R is the universal gas constant, T the temperature (K), F the Faraday constant and 
P0,  the oxygen partial pressure in the air or fuel side depending on the superscript. The 
chemical equilibrium constant K of Eq. 8.3 can on the other hand be described by the 
following equations 
  
\ 
1 
 
K = 
 
(8.5) 
 
P fuel 02  
   
K= exp AG° 
where AG° is the standard Gibbs free energy of formation of NiO. Using Eqs. 8.4-6, and 
thermodynamic data [6] for the temperature at which oxidation was performed, a 
theoretical value of 0.66 V was calculated for the corresponding OCV. Thus the OCV 
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should stabilise at 0.66 V when Ni and NiO are both present close to equilibrium 
conditions in the anode side. According to Eq. 8.2 the amount of charge required for 
total oxidation of the cell's anode substrate (FZJ cell) was estimated to be ca. 25,000 C. 
The contribution of the anode layer to the total charge required for oxidation was 
neglected, the anode being only a few microns thick. 
Housing-1 configuration (Fig. 6-8). 
Fig. 8-8 shows a representative result of OCV evolution during electrochemical 
oxidation at 850°C for a FZJ ASC. The first stage of OCV drop (up to 150 C charge) is 
attributed to the consumption of most of the residual hydrogen in the fuel compartment. 
The establishment of the Ni/NiO equilibrium then follows as expected at the plateau 
OCV of 0.66 V. After passage of ca. 1100 C total charge the OCV is seen to deviate 
from the equilibrium value and drop rapidly after 1300 C. After this point it was 
observed that the air flow from the cathode side exhaust was greatly reduced —
indicating a cracked cell. This was confirmed by the post-test examination (Fig. 8-9). 
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Fig. 8-8 OCV as a function of charge for electrochemical oxidation of FZJ ASCs 
The critical oxidation charge was estimated to be 1300±100 C, representing oxidation of 
only ca. 5 % of the Ni in the anode substrate. The disrupted cells had several wide radial 
Redox Cycling of Solid Oxide Fuel Cells 	 121 
L 	  
Chapter 8 	 Redox of Ni-based SOFCs 
cracks, mainly at the cell periphery, that ran through the substrate but did not extend to 
the cell's centre. The cathode surface showed marks produced by the Pt mesh, and 
hence the points with the best contact, mainly concentrated at the centre of the cell. 
Fig. 8-9 FZJ ASCs (viewed from the cathode side) after failure by electrochemical oxidation in 
the housing-1 configuration. Inset shows a magnification the marks caused by the current 
collector mesh. 
In order to check that the cracks observed at room temperature were not caused during 
cooling from the test temperature, an experiment was performed in which an ASC was 
sealed to the fuel plate in a thermal cycle (25 — 900 — 25°C) at 1 IC/min. After the cycle, 
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the seal was found to have failed (cracked) but the cell was intact, leading to the 
conclusion that electrochemical oxidation caused the extensive cracking of Fig. 8-9. 
An electrochemical oxidation experiment was also performed using an ECN ASC. 
Following a similar procedure to the above, the results of Fig. 8-10 were obtained. The 
moment the fuel was turned off, leaks caused the OCV to drop immediately and stabilise 
at 0.67 V. After only a total charge of 132 C was passed, the OCV (then at 0.51 V) started 
its rapid decline and no flow was detected in the air outlet indicating that the cell had 
failed. A comparison between the anode thickness of FZJ and ECN cells indicates that 
less charge should be required for oxidation of the ECN cells. Thus the behaviour 
observed here is qualitatively what expected, although useful quantitative data could not 
be extracted as the composition of the anode substrates used in ECN cells was not 
known. 
0 	20 	40 	60 	80 
	
100 
	
120 
	
140 
charge / C 
1.1 
1.0 
0.9 
0.8 
> 0.7 
0  0.6 
0.5 
0.4 
0.3 
oxidation test 
09.03.2006 10:40 
—•— 850°C 
Fig. 8-10 OCV as a function of charge for electrochemical oxidation of an ECN ASC. 
The cracking patterns of this cell after oxidation appear somewhat different (Fig. 8-11) 
from those of the FZJ cells. In particular, the wide cracks at the edges of the substrate 
are not seen and cracks seem to extend through the cell's centre. A distinct feature of 
this experiment was that it was characterised by a high level of leakage, affecting the 
electrochemical oxidation process in a way that this might not have been the dominant 
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oxidation mechanism. Moreover, when a cell of this type was thermally cycled (25-900-
25°C, 1 K/min), while sealed and configured in the housing-1, it was found to have 
cracked. For the above reasons the redox results of the ECN cells were not considered 
very reliable and redox analysis was focused mainly on the FZJ cells thereafter. 
Fig. 8-11 ECN-InDEC ASC (viewed from the cathode side) after failure by electrochemical 
oxidation in the housing-1 configuration. 
Housing-2 configuration (Fig. 6-8). 
Having established a value of 5 % for the critical degree of electrochemical oxidation 
for the FZJ cells, next an experiment was performed to investigate whether the cells can 
recover from a lower degree of oxidation. For this experiment the housing-2 
configuration was used, which imposes some constraint at the cell edges. Four (partial) 
electrochemical redox cycles were performed, with increasing degree of oxidation in 
each cycle, until the cell failed. Fig. 8-12a shows how the cell voltage behaved in each 
redox cycle, as the anode was electrochemically oxidised again by drawing current for 
specific time without fuel. It was found that up to 3 % oxidation, the cell's performance 
could be recovered after reduction.: Moreover the non destructive oxidation slightly 
improved the cell's performance, as the drop in the ASR shows (Fig. 8-12h). Other 
Reduction in the cycles after the first oxidation was performed for 2 h in 30 vol % H2/N2 wet stream 
(500 ml/min). 
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investigators have also observed improvement in performance after non destructive 
redox cycling of SOFCs [7,8]. These observations suggest that some degree of redox 
may cause beneficial conditioning to the Ni network. Nevertheless, in the particular test, 
the cell's OCV zeroed again at ca. 5 % oxidation (Fig. 8-12a). After the fourth 
oxidation, reduction attempts with hydrogen failed to raise the OCV from zero, pointing 
to a disrupted cell. Post mortem analysis this time revealed a rather different failure 
(Fig. 8-13). In addition to some cell cracking, buckling was also observed, apparently 
caused by the housing geometry. 
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Fig. 8-12 Electrochemical oxidation of a FZJ ASC in housing-2 configuration. (a) Cell voltage 
as a function of time and current drawn for 4 electrochemical partial redox cycles, each one 
corresponding to different degree of oxidation. (b) Cell's relative ASR (ASR0 after initial 
reduction) as a function of the electrochemical partial redox cycles. 
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Fig. 8-13 FZJ ASC (viewed from the cathode side (left) and fuel-inlet side (right)) after failure 
by electrochemical oxidation in the housing-2 configuration. 
Free oxidation (Method 3) 
The tests of in-situ electrochemical oxidation exhibited rather catastrophic results, 
posing the question of what the consequences would be by following an in-situ gaseous 
oxidation method. An oxidation experiment was carried out (housing-1) according to 
method 3, in which at standard cell operation conditions the fuel inlets were 
disconnected (at a distance ca. 30 cm from the cell), after having purged N2, and the cell 
was left to oxidise over night with ambient air. 
This oxidation test resulted too in a disrupted cell, which moreover showed even more 
complicated fracture features (Fig. 8-14). The radial cracks were present, as seen in 
electrochemical oxidation, but these were also combined with an array of concentric 
cracks throughout the anode substrate. 
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Fig. 8-14 FZJ ASC (viewed from the cathode (top) and anode support (bottom) side) after 
failure by free oxidation in the housing-1 configuration. 
Interpretation of mechanical failure of in-situ cell oxidation 
In contrast to the results of free-standing oxidation of ASCs, which showed good 
agreement with the modelling predictions, the oxidation tests on housed cells had a 
rather different outcome, both qualitatively and quantitatively. 
In the electrochemical oxidation experiments the critical extent of oxidation for failure 
was significantly lower, at approximately 5 % (both housing-1 and -2 configurations). 
At operating temperature the degree of constraint imposed by the glass sealant to the 
ASC is not known. However, the particular glass used has a transition temperature of 
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approximately 600°C and therefore is likely to be soft and offer negligible constraint at 
the operating temperature, unless the expansion due to oxidation is very rapid. 
Moreover, if the seal is sufficiently stiff to constrain the expansion due to oxidation, this 
would be expected to induce a large compressive stress in the substrate and inhibit 
channel cracking. In the housing-1 case the failure modes observed are not consistent 
with channel cracking in that complete failure of the anode substrate occurred, rather 
than failure of only the electrolyte. The cracks observed at the cell periphery have wide 
openings indicating that they are the result of tensile stresses and large displacements 
(Fig. 8-9). 
One way in which peripheral tensile stresses can be generated is if the oxidation is non-
uniform and concentrated in the central part of the cell. This leads to a central zone of 
expansion that will create a radial compressive stress in the surrounding material, but a 
tensile hoop (tangential) stress. A simple stress-strain model of this process is presented, 
based on assuming radial symmetry and a sharp boundary between a central oxidised 
zone and a surrounding un-oxidised zone (Fig. 8-15a). The solution to this problem can 
be found in standard mechanics textbooks, e.g. [9]. For the situation considered here the 
solution is 
cre 	1 [r2 r2 ) 
E2 Cox fi r22 r2 
r 2 71
2 
} where 	= [1—)(1—v1)+{ 1+ 	v2 (1— 2 
E1 	r2 	 r2 2 
and o-eis the hoop stress, E the elastic modulus, 6.0„ the oxidation strain, v the poisson's 
ratio and r the radius. The subscript 1 refers to the oxidised region of radius r < r1 and 
subscript 2 to the unoxidised region r1 < r <r2. 
(8.7) 
(8.8) 
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(b) 
Fig. 8-15 Schematics of models for the case of non-uniform oxidation. (a) Stress-strain problem. 
The area with radius r1 is oxidised and that between r1 and r2 is unoxidised, co is the hoop stress 
and ur is the radial stress generated. (b) Fracture problem. An infinite plate with a crack of 
length a at the edge of a circular hole of radius R is subjected to an internal pressure P. 
The maximum tensile stress occurs at the boundary between the oxidised and 
unoxidised regions and is of order E2e0x . In the reduced state Young's modulus for the 
substrate has been measured to be around 32 GPa, whereas in the oxidised state it is 
higher at approximately 74 GPa (see Chapter 7). Poisson's ratio is assumed to equal 0.3 
for both the reduced and oxidised state, based on data from [10] and the fact that 
estimation of the hoop stress from Eqs. 8.7 and 8.8 is not particularly sensitive to its 
value. The bending strength of the substrate tested was found to be ca. 108 MPa (Table 
8-1). Weibull analysis was also performed for an evaluation of the effect of sample 
volume on failure probability [11]. A Weibull modulus of m = 8.9 was estimated from 
the Weibull plot of flexural strength measured on the test specimens (Fig. 8-16). 
Table 8-2 Bending strength and fracture toughness values, including the respective standard 
deviation, of the Ni-YSZ substrate used. 
Ni-YSZ 	Bending strength 
sample size (MPa) Weibull modulus 
Fracture toughness 
(MPa m%) 
12 	 108 ± 14 	 8.9 
4 	 2.2 ± 0.2 
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Fig. 8-16 Weibull plot of the flexural strength for the reduced FZJ substrate (Ni-YSZ), showing 
also the values of the Weibull parameters uo and m. 
The failure probability F, for a stress o that is characteristic of the stress distribution 
during cell oxidation (in our case the stress at the boundary of the oxidised region r= ri), was 
calculated using the following equation [12] 
acff 	
jm 
Veff 6  F(o-c ) =1 — exp 
0-v 
(8.9) 
where o,, and Vo are parameters derived from the bending strength measurements (see 
Chapter 6). The effective volume, Veff, for the case of Fig. 8-15a is given by 
 
r2 	v2 	,2 j in 
q ± q 
	
1'2 	1" 
2 2 
r2 i +1  
r2 2 
 
Veff =27rh rdr 	 (8.10) 
   
where h is the thickness of the substrate in the particular case. 
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Although the mechanical properties are likely to be significantly different at operating 
temperature, the room temperature values can nevertheless be used to form an initial 
assessment of the stress and likely damage induced by non-uniform oxidation. 
The stresses generated in this problem depend on the area over which the oxidation is 
distributed (i.e. the value of ri). The overall average measured 5 % critical oxidation, 
when spread over different areas, corresponds to different degrees of oxidation within ri 
and hence different strains and stresses (which can be estimated using Fig. 8-4 and Eq. 
8.7 respectively). Three cases of different degree of oxidation within ri were 
investigated — namely 100 %, 70 % and 50 % — assuming r2 = 2.5 cm and 
Fig. 8-17 Calculated hoop stress 60 generated at the border of an oxidized area of radius r1, and 
the respective Weibull failure probability, for different degrees of oxidation occurring in the 
oxidized area, when it accommodates the 5 % average oxidation distributed over r2 = 2.5 cm. 
The results of the model are presented in Fig. 8-17. It is apparent that the larger the area, 
the lower is the hoop stress caused by a given average amount of oxidation. If the 
average 5 % oxidation is concentrated as 100 % oxidation in a central region with r1 = 
0.55 cm, this will generate a hoop stress of 117 MPa at the border of oxidised and 
Redox Cycling of Solid Oxide Fuel Cells 	 131 
Chapter 8 	 Redox of Ni-based SOFCs 
unoxidised regions and a high probability (close to 100 %) of causing damage of the 
type shown in Fig. 8-9. Conversely, if (for the same average 5 % oxidation) the degree 
of oxidation in the central region is only 50 %, then r1 = 0.79 mm and the maximum 
stress is reduced to 42 MPa with a negligible probability of causing failure. 
An alternative approach to analysing failure is using fracture mechanics. The stress 
intensity K1 for a radial crack of length a at the edge of a circular hole of radius R in an 
infinite plate under the action of an internal pressure P (which does not act on the faces 
of the crack) is known (Fig. 8-15b) [13]: 
K1 = PVTaFi 	 (8.11) 
where F1 is a tabulated function of a/R. This can approximate the situation in Fig. 8-15a, 
with P being replaced by o at R = r1. From Eqs. 8.7 and 8.8 and for r2 —+ Go, the 
stresses for the infinite plate case can be calculated, and by using Eq. 8.11 the K1  
profiles of the three cases of Fig. 8-17 as a function of crack length can be derived (Fig. 
8-18). ICI rises rapidly with crack length and then reaches an approximate plateau which 
indicates that the crack will be unstable and grow rapidly once the stress intensity 
exceeds the fracture toughness Kic, measured to be ca. 2.2 MPa mv2 for the reduced 
substrate (Table 8-2). Again, as the oxidation area decreases and the local degree of 
oxidation increases, higher values for the stress intensity factor are obtained. It is 
observed that the toughness limit can be exceeded for an initial flaw length of 0.1 mm 
and above, depending on the area in which the overall average 5 % oxidation is assumed 
to take place. Hence fracture mechanics also shows that an average oxidation as low as 
5 % can be catastrophic for the ASC if the oxidation is not uniform. The non-uniform 
electrochemical oxidation is likely to have occurred in our case due to good electrode 
contact with the current collector meshes being preferentially in the central region of the 
cell. 
In the housing-2 case different failure modes were observed but the critical oxidation 
degree was again estimated to be ca. 5 %. Although the fuel plate was designed to allow 
for a 1 % oxidation strain of the cell support, post mortem investigation showed that the 
substrate's expansion was constrained and buckling was caused. It is very likely that the 
presence of the glass sealant, albeit in a "soft" state, decreased significantly any free 
space for the substrate's expansion. It is not clear at which stage of oxidation buckling 
occurred, as the observations were made only in the fully oxidised state and at room 
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temperature after the experiment. A possible scenario is that, as with the housing-1 case, 
non-uniform oxidation took place initially, creating some cracking that in turn initiated 
an uncontrollable oxidation situation. The housing's geometric restrictions prevented 
formation of wide cracks but deformed the cell as shown in Fig. 8-13. 
00 
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Fig. 8-18 Stress intensity K1 for a radial crack of length a at the edge of a circular hole under 
internal pressure in an infinite plate. The three cases correspond to those of Fig. 8-17 for r2 —> co 
and internal pressure equal to the respective hoop stress at r1. K1c is the fracture toughness 
measured for the Ni-YSZ substrate. 
One issue that arises in the above analyses, and in the estimation of degree of oxidation 
using Faraday's law, is the effect of electrolyte cracking. If during electrochemical 
oxidation the electrolyte cracks, oxidation will also occur due to air diffusion/flow from 
the cathode side, affecting the control of the oxidation process. It is assumed here that 
this does not play a significant role, as electrochemical oxidation was performed 
relatively quickly and electrolyte cracking is expected only for values of local degree of 
oxidation above 50 %. 
Finally the fracture modes of the cell oxidised by air ingress (Fig. 8-14) are much harder 
to interpret; especially the formation of concentric cracks. Usually this type of cracking 
indicates a mechanism of shrinkage rather than expansion. The likely feature of this 
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type of oxidation is that it proceeded from the free surface of the anode substrate 
towards the interface with the electrolyte, in contrast with the electrochemical oxidation 
in which the oxidation direction was the opposite. The fact that the entire cell fractured 
again suggests that a non-uniform oxidation mechanism might have been the cause. 
Inert substrate-supported cells 
Initial electrochemical performance 
The RRFCS fuel cells fall into the category of the inert substrate-supported cells, and 
according to the modelling predictions they are expected to exhibit the most stable 
redox behaviour. The initial I-V characterization of the modules supplied by RRFCS did 
not yield the expected electrochemical performance of an ASR of approximately 1 SI cm2 
(Fig. 8-19). This was probably due to inherent current collection problems of the 
modules, as these were not the RRFCS production line standard, but custom made 
shorter modules produced specifically for these experiments. 
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Fig. 8-19 I-V curve of R-R module after initial reduction. 
Redox Cycling of Solid Oxide Fuel Cells 	 134 
1.1 
1.0 
0.9 
0) 
0 
(1) 0.8 
0.7 
1.1 
1.0 
TD 
a) 0.8 
0.7 
Chapter 8 	 Redox of Ni-based SOFCs 
Redox Cycling 
The redox characterisation of the RRFCS design involved an extensive series of 10 
complete redox cycles. A combination of oxidation methods 2 and 3 (see Chapter 6) 
was used. In method 3, in which the oxidation occured by disconnecting the fuel inlets, 
the module was left to oxidise at least till the OCV dropped to zero, with times ranging 
from 40 min to 12 h. Similarly for the method 2 oxidation, full oxidation was assured by 
monitoring the OCV and supplying a stream of air in the anode compartment for at least 
2 h. 
Fig. 8-20 shows the evolution of the I-V performance with redox cycling. After the 7th 
redox cycle an accident occurred and the furnace was shut down*, resulting therefore in 
a 'fierce' (very high cooling rate) thermal cycle. The programme of redox cycling was 
continued until the 10th cycle was concluded. 
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Fig. 8-20 I-V curves of the RRFCS module with redox cycling for 10 cycles (including an 
accidental thermal cycle). 
It is evident that the performance fluctuates between a range of values, but there is no 
obvious negative effect of redox cycling, as more clearly shown in Fig. 8-21 where the 
Overheating and burning of the heating wire (gas inlet) occurred and, as a precaution, the colleague 
present in the lab at that moment shut down the power supply to the testing rig. 
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relative changes in ASR are illustrated. Rather, it seems that redox cycling is actually a 
beneficial process in the particular case, for reasons similar to those discussed above for 
the case of non-detrimental oxidation of ASCs. 
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Fig. 8-21 Relative ASR value changes with redox cycling for an R-R module. 
Inspection of the module after the 10 redox cycling test revealed some damage in the 
external current collectors (delamination) and glass sealing (cracking) (Fig. 8-22). It is 
more likely that these features were caused by the thermal rather than redox cycling. 
Thermal cycling studies performed within the Real-SOFC Project with RRFCS modules 
support this assumption [14] and show that these problems are mainly related to testing 
issues of the configuration rather than its actual durability. It was concluded therefore 
that, in agreement with the modelling predictions, the inert substrate-supported 
configuration is much more stable to redox cycling than the anode-supported one. 
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Fig. 8-22 Pictures of the RRFCS module after 10 redox and one (accidental) thermal cycle. Top 
picture shows delamination of the external current collector and bottom picture cracking of the 
glass seal at gas inlet/outlet. 
Summary 
A series of experiments on SOFCs with Ni-based anodes or anode supports was 
performed with the objective of testing the mechanical modelling predictions and 
assessing redox damage tolerance under different conditions/configurations. 
Investigation of the effect of critical layer thickness on the susceptibility to redox 
damage was carried out with custom-made ECN anode-supported and electrolyte-
supported button cells. Although all ASCs were observed to fail at roughly the same 
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degree of oxidation (50-60 %), the thicker the electrolyte layer the more pronounced the 
electrolyte cracking, in agreement with the theory. The electrolyte-supported cells, on 
the other hand, did not exhibit any obvious damage (such as delamination) even after 
two redox cycles, indicating that the interfacial bonding properties (between electrolyte 
and anode) play a critical role. 
Further investigations on ASCs were performed using the state-of-the art FZJ cells. The 
main objectives were to determine the critical degree of oxidation to cause mechanical 
failure, and understand the resulting failure modes. Interrupted oxidation on free-
standing cells resulted in failure by extensive electrolyte channel cracking at a critical 
degree of oxidation of 49-75 %, in good agreement with the model prediction of 40-55 %. 
Electrochemical oxidation, on the other hand, of cells incorporated in a metal housing, 
led to fully disrupted cells (anode substrate also cracked) at only approximately 5 % 
oxidation. For lower degrees of oxidation (up to ca. 3 %), however, electrochemical 
performance could be recovered. The cracking patterns due to electrochemical oxidation 
were consistent with tensile cracking in the outer regions of the substrate driven by an 
oxidation-induced expansion of the inner region. A model of cell stability has been 
developed in which oxidation occurs preferentially within a central zone. Based on 
measurements of critical mechanical properties for the Ni-YSZ substrate used, both 
fracture stress and fracture mechanics analyses showed that a degree of oxidation as low 
as 5 % can indeed be detrimental when only a small central region is oxidised. It is 
concluded, therefore, that non-uniform oxidation processes will have more damaging 
effects than uniform ones, and are also likely to occur in other oxidation scenarios such 
as leaks in seals or at high fuel utilisation. It seems that good contact between current 
collectors and electrodes is not only beneficial during normal operation of the cell, but 
also in cases where fuel starvation occurs; an extra issue for SOFC 
researchers/developers to look into regarding the redox and current collection problems. 
Finally redox tests with RRFCS modules confirmed the predictions that the inert 
substrate-supported configuration is much more stable under redox conditions compared 
to ASCs. After 10 consecutive redox cycles there was actually an improvement of the 
electrochemical performance and no evident mechanical damage in the cells. 
Overall, the above results on cells with Ni-based anodes and supports confirmed the 
modelling predictions that the anode-supported configuration is the most susceptible to 
redox damage, with the expansion strain of the support playing the dominant role. In the 
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chapter that follows, as a possible solution to the problem, an approach to produce redox 
stable Ni-YSZ composites by microstructure modifications is presented. 
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Redox Stable Ni-based Composites 
Introduction 
It is clear from the theoretical and experimental results presented in the previous 
chapters that state-of-the-art SOFCs incorporating Ni-YSZ anodes or supports are 
susceptible to redox damage. The anode-supported design, in particular, cannot 
withstand even a single complete oxidation. To tackle this problem either a systems 
engineering, or materials development approach can be followed (or a combination of 
the two) [1]. The former consists of solutions involving for example controlled gas 
purge and power management systems. The materials perspective, on the other hand, 
calls for either alternative anode materials or microstructural alterations to the existing 
Ni-YSZ recipe. 
All-ceramic structures, such as the LSCM perovskites have been proposed for SOFC 
anode applications [2,3]. However, these fail to match the electrochemical performance 
and electronic conductivity of Ni-YSZ and, moreover, their redox stability is also 
controversial. These structures expand in the presence of reducing atmospheres [4], 
meaning that if already reduced then they contract on oxidation. Recently, some 
promising results have been reported for anode materials of the type Sri,YxTiO3-s, 
regarding dimensional changes upon redox cycling [5], but electronic conductivity 
remains a problem. 
Nevertheless, Ni-YSZ is currently the best anode solution with regard to performance 
and cost, making investigations towards a redox stable structure of this cermet very 
tempting. Walbillig et al. [6] have attempted to improve redox behaviour by preparing 
anode substrates with different microstructure layers that can act as oxidation barriers. 
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They report improvement of redox tolerance by 18-66 % depending on the number of 
redox cycles compared and the NiO content of the barrier layer. The investigations 
towards redox stable anodes presented here are also focused on microstructural 
modifications. They are mainly based on the assumption that a strong YSZ network 
could be sufficiently rigid to resist elongation due to Ni expansion on oxidation. 
One method to achieve this is to first prepare the YSZ network structure, followed by 
introduction of Ni. The group of Gorte et al. from the University of Pennsylvania has 
pioneered the technique by impregnating tape cast porous YSZ substrates with catalysts 
[7,8]. These mainly involved Cu and Ce02 for the direct electrochemical oxidation of 
hydrocarbons. More recently studies on impregnated anode substrates with Ni have 
been published [9], but their redox stability has not been discussed. 
Preliminary studies and results on the redox behaviour of Ni infiltrated cermets are 
presented next, with the objective of providing a proof-of-concept for the redox 
tolerance of the resulting anode structure. 
Sample preparation 
The general strategy for preparing the impregnated cermets included fabrication of 
porous 8YSZ specimens that would then be placed in a solution of Ni(NO3)2.6H20 to 
absorb as much as possible of the solution. Subsequent annealing and reduction would 
decompose the nitrate and result in a Ni-8YSZ composite. 
For the fabrication of the porous 8YSZ Tosoh powder was used. The powder was pre-
calcined at 1200°C for 2 h [10], in order to make the final structure more resistant to 
sintering shrinkage. Graphite was used as pore former [11] and was mixed with the 
calcined 8YSZ powder in a mortar and pestle (agate) with ethanol to improve binding 
properties. 13 mm diameter pellets (pressed at 1 tonne) were fabricated with different 
graphite contents to optimise porosity formation and dimensional stability. The samples 
were sintered in all cases at 1400°C for 5 h. The results of final density in Fig. 9-1 show 
that 35 wt % graphite created the highest porosity of ca. 40 vol %. However, all samples 
containing above 20 % graphite exhibited significant shrinkage/deformation and 
discolouration (a shade of brown rather than clean 8YSZ white). This is in contrast to 
the results of Park et al. [12] who report no dimensional changes upon sintering at 
1550°C for similar graphite contents. 20 wt % concentration of pore former was finally 
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used for the sample preparation, since even at that level sufficient porosity of above 30 % 
could be obtained. 
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Fig. 9-1 Open porosity formation as a function of pore former (graphite) concentration for 
8YSZ samples sintered at 1400°C. 
The infiltration was performed on porous (ca. 35 vol % open porosity) 8YSZ bars of 
25x4x4 mm dimensions. The best results, in terms of conductivity, were obtained by 
following a 10 step procedure. Every step of the infiltration process involved boiling the 
porous bar in the nitrate solution at ca. 130°C for a few minutes and then inserting it 
directly in a box furnace at 950°C for 15 min for the nitrate decomposition. The final 
result achieved was a 16 wt % Ni / 84 wt % 8YSZ composite*. 
As expected, the infiltration caused a decrease in the pore volume fraction of the 
structure, and this was measured to be by ca. 4 % (the open porosity decreased from 36 
to 32 vol %). The theoretical decrease in porosity by the Ni mass infiltrated was 
calculated at ca. 7 %. This discrepancy can be attributed to the sintering and 
densification of the infiltrated Ni during the reduction step. The final composite had 
approximately 30 vol % open porosity, which is enough to perform its function as an 
* Concentration determined by measuring the sample weight before and after Ni infiltration and reduction 
at 900°C for 3 h. 
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anode substrate. The properties of most interest in this study are those related to redox 
dimensional stability and electronic conductivity. 
Performance/Redox characterization and discussion 
The optimized infiltrated cermet (16 wt % Ni) exhibited metallic resistance (0.6 SI at 
room temperature, measured with multimeter) at the outer surface, but the behaviour 
was not as good when a cross-section was tested (measuring several pairs of points with 
a multimeter exhibited resistances of 0.6-15 n). It became apparent, both from the 
resistance measurements and SEM observations (Fig. 9-2), that the Ni content decreased 
from the outer surface to the centre of the cross-section. As noted by Jung et al. [13] 
nitrate-only impregnation cannot create a uniform distribution and results in metal 
enrichment near the surface of the samples because of the evaporation process. 
Nevertheless, the oxidation behaviour of such a sample was investigated in the 
dilatometer for a preliminary assessment of this type of structure. The results showed 
that there was practically no dimensional change with oxidation (Fig. 9-3). The small 
expansion recorded (0.025 %), shortly after air was admitted, was probably caused by 
the small local increase in temperature due to the exothermic Ni oxidation, as confirmed 
on the graph by the temperature data. This expansion was recovered quickly, with no 
net elongation on complete oxidation taking place. 
This result regarding the redox behaviour of infiltrated cermets is very encouraging, and 
shows that the key in redox stability may lie in the YSZ network, as suggested 
previously by Klemenso et al. [14]. It is recognised, though, that the tested structure has 
to prove also its viability as part of an SOFC configuration. It is argued in this Thesis 
that the main component of interest when it comes to redox instability of ASCs is the 
anode substrate, and this is the focus for the infiltrated cermets developed here. 
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Fig. 9-2 SEM of fracture cross-section from (a) the centre and (b) the edge of the infiltrated Ni-
YSZ bar. 
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Fig. 9-3 Dilatometry of oxidation for the infiltrated composite Ni/YSZ bar. 
The presence of active electrocatalytic sites and effective TPBs is not a requirement for 
an anode support, but rather efficient gas distribution and current collection. The 
infiltrated cermets exhibited problems in achieving uniform conductivity throughout 
due to non-uniform deposition of Ni. However, these infiltration experiments were 
performed on rather bulky samples, and it is possible that infiltration in substrates of ca. 
0.5 mm (as for example in the ECN ASCs) can have much better results. An important 
point is that the cermet tested here was redox stable and incorporated less than half the 
amount of nickel commonly found in anode substrates. A conventional anode support 
with 16 wt % Ni content would definitely not be conductive (see percolation threshold 
discussion in Chapter 4), whereas the present results indicate that the infiltrated cermet 
can probably be adequately conductive for lower than 50 wt % nickel concentrations, 
commonly found in state-of-the-art ASCs. 
A possible problem with the infiltrated cermet is long term stability. As discussed in 
Chapter 4, one of the roles the YSZ phase plays in the cermet is to retain the dispersion 
of Ni, as this tends to sinter and agglomerate at high temperatures. In the infiltrated 
structure Ni forms a coating over the YSZ grains, and a scenario in which the Ni 
agglomerates freely with time at high temperature, disrupting the continuous current 
path, can easily be envisaged. 
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Summary 
With the experience gained from performing redox investigations on Ni-YSZ 
composites and from studying the literature, a different microstucture concept for Ni-
YSZ anode substrates was suggested, aiming at improving their redox dimensional 
behaviour. This was based on infiltrating Ni into a porous YSZ preform structure by 
using nickel nitrate solution as a pre-cursor. 
The use of graphite as a pore former (at ca. 20 wt %) was found to create adequate open 
porosity (above 30 vol %) in the YSZ structure. The maximum amount of infiltrated Ni 
achieved was 16 wt %, after following a 10 step infiltration process. 
Dilatometry of the oxidation of a bar sample produced in this way revealed that there 
was no detectable expansion taking place on full oxidation. However, resistivity 
measurements and SEM observations showed that the deposition of Ni was not uniform, 
being preferential at the outer surface. 
From these preliminary results it is concluded that Ni-YSZ composites produced by 
infiltration techniques are very promising if a stable redox behaviour is the requirement. 
It is recognised also that there is a lot of room for optimisation of the process and hence 
improvement of performance. Different Ni pre-cursors can be used as well as binding 
aids in order to increase the quantity of Ni that is being infiltrated. Moreover, means for 
more efficient infiltration methods are possible. This promise, along with the fact that a 
redox-stable anode composite has yet to be found, makes research on infiltrated anodes 
very attractive. 
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Conclusions and Suggestions for Future Work  
The redox behaviour of Ni-based SOFCs constitutes a significant durability problem, 
for which, now more than 3 years since the present study started, a satisfactory solution 
has yet to be found. The problem is related to the metal-ceramic (Ni-YSZ) material used 
in the anode side of the SOFC, which is chemically unstable to redox conditions — metal 
Ni can oxidise to NiO in air (or at high fuel utilisation) and reduce back to metal Ni in 
fuel. This redox reaction is accompanied by significant solid and bulk volume changes, 
and as redox conditions are expected to occur throughout the cell's operating life 
(usually due to faults in the fuel supply), the mainly ceramic SOFC is susceptible to 
damage. 
An early literature review revealed considerable variation in the results reported in 
different redox studies. This is mainly due to the lack of standard procedures for redox 
testing and the different compositions and microstructures of the cermets examined. 
However, the common aspects were that the as-sintered porous NiO-YSZ composite 
shows negligible shrinkage on initial reduction, but a bulk linear expansion strain of ca. 
1 % after the first oxidation. What is more, this redox behaviour has been observed to be 
irreversible on subsequent cycling with an accumulation of oxidation strain taking place 
after every redox cycle. The Thesis investigations were based on this knowledge, with 
the objective of modelling the underlying redox mechanism and contributing to its 
understanding. 
In order to predict and assess the impact of the composite's oxidation behaviour on the 
integrity of the SOFC a fracture mechanics model (energy approach) was 
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developed and applied to different cell configurations. For the 3 state-of-the-art 
geometries examined, namely anode-supported, electrolyte-supported and inert 
substrate-supported, it was found that the anode-supported is the most susceptible to 
damage, with an oxidation strain of only ca. 0.1-0.25 % capable of cracking the 
electrolyte. For the electrolyte- and inert substrate-supported cells, an anode oxidation 
strain of ca. 0.5 % and 1 % was found to be tolerable respectively. Further development 
of this model, as part of future work, could include the stress approach for a more 
complete analysis. 
Although expansion of the Ni-YSZ cermet is expected to cause damage to the cell, it 
was not clear early in the studies why it should expand at all on oxidation and not return 
to its initial as-sintered NiO-YSZ state. Detailed investigations were performed on state-
of-the-art Ni-YSZ anode substrates to understand their redox behaviour (Fig. 10-1). It 
was confirmed that initial reduction of the NiO-YSZ composite at 900°C causes 
negligible shrinkage (measured 0.017 %), and that subsequent oxidation at 800°C results 
in expansion (measured 0.5-0.8 %, depending on oxidation characteristics). 
NiO-YSZ 	reduction 
	Ni-YSZ 	oxidation 
	NiO-YSZ 
Fig. 10-1 Observed redox behaviour for state-of-the-art anode supports. 
By performing interrupted oxidation experiments the changes in bulk dimensions, 
Young's modulus and open and closed porosity were established as a function of the 
degree of oxidation and cycling. Using these results, it was deduced that the critical 
oxidation strain for an anode-supported cell — estimated by the mechanical model —
corresponds to ca. 50 % oxidation of the anode substrate. The mechanical integrity of 
the substrate was found to be unaffected even on full oxidation both by monitoring the 
Young's modulus behaviour and performing microstructural investigations. An 
important finding was that there was an increase in closed porosity by ca. 5 % (of total 
bulk volume) when comparing the as-sintered with the oxidised (i.e. after one redox 
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cycle) NiO-YSZ substrates. This was attributed mainly to the intrinsic characteristics of 
the mechanism of Ni particle oxidation (outward diffusion of nickel through the oxide) 
and was confirmed by FIB studies on individual spherical Ni particles. It is concluded, 
therefore, that formation of closed porosity due to Ni oxidation can account for the 
irreversibility of expansion, even without considering the mechanism of Ni sintering 
and agglomeration that has been suggested previously as the cause of the irreversible 
behaviour [1]. What is required, in essence, for a better understanding of the 
mechanisms involved is in-situ real time observation of the cermet's changes with time 
under reducing and oxidising atmospheres. To this end advanced Environmental SEM-
FIB techniques and 3-D structure modelling [2] could be used. 
Fig. 10-2 Created stresses upon oxidation of a central only region of the anode composite. 
Experiments with anode-supported cells (ASCs) showed that uniform oxidation* (free-
standing samples) causes failure by electrolyte cracking at ca. 50 % oxidation, in good 
agreement with the modelling predictions. However, when similar cells were oxidised 
electrochemically in a testing housing they failed at only ca. 5 % oxidation, with cracks 
extending also in the substrate. By using both strength and fracture mechanics models it 
was concluded that preferential oxidation at the centre of the cell (area of better contact 
with the current collectors in this case) can cause this kind of failure (Fig. 10-2). 
* i.e conditions under which the entire free surface of the anode support was exposed to air. This however 
cannot exclude formation of oxidation gradients between the free surface and the bulk of the anode 
support. 
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Nevertheless, it was observed that for a degree of oxidation lower than 5 % the 
electrochemical performance of the ASCs could be recovered. The electrochemical 
experiments with ASCs finally revealed the inadequacy of the setup used in effectively 
collecting current and improvement of the cell-housing design is required for any 
similar future investigations. 
Redox testing of RRFCS modules showed that this kind of configuration is much more 
stable, both mechanically and electrochemically, having survived 10 full redox cycles. 
This is in good agreement with the mechanical model that predicts high tolerance to 
anode dimensional changes for inert substrate-supported cells. 
Finally, investigations on improving the redox behaviour of Ni-YSZ cermets by 
microstructural modifications were carried out. The method of infiltrating pre-sintered 
porous YSZ structures with Ni was tested, based on the assumption that a strong YSZ 
`skeleton' would inhibit dimensional changes caused by redox. Oxidation of a 16 wt % 
Ni!8YSZ cermet prepared by this method showed no expansion strain, making this 
alternative fabrication technique a possible candidate for the solution of the redox 
problem. Additional monitoring of conductivity changes with redox could give useful 
information about the Ni network behaviour in this structure and it is recommended as 
further work. 
The good redox behaviour observed for the infiltrated anode, however, cannot guarantee 
long term stability. This research shows that redox cycling of Ni, in the form present in 
anode composites, is accompanied by significant microstructural changes, which are in 
turn very sensitive to oxidation conditions. When a technological requirement of 50 or 
more redox cycles without degradation is sought, even if no dimensional changes take 
place, the microstructure of the anode is likely to alter greatly (since the redox cycle 
leads to irreversible changes in microstructure in both oxidised and reduced states) and 
the electrochemical performance will be impaired. The same possibly applies for the 
electrolyte- and inert substrate-supported cells that showed very good mechanical and 
electrochemical behaviour, but for a relatively small number of redox cycles. There is a 
need therefore for extensive redox cycling of these configurations in order to test their 
limits and draw safe conclusions. 
It seems that a complete materials solution to the redox problem probably requires new 
materials and structures for the SOFC anode, as much as the SOFC community would 
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like to avoid it, considering the know-how on Ni-YSZ composites that has been 
developed over the decades. An alternative approach could be to restrict the Ni role to 
that of the reaction catalyst only (use of Ni at concentrations as low as ca. 5 vol % [3]) 
and focus on system solutions to prevent redox conditions arising. However, prevention 
of redox conditions arising will probably also result in added system complexity. 
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